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FOREWORD 

The experiments descr ibed h e r e i n  w e r e  carried o u t  during the  

f i r s t  yea r  of  a comprehensive 3-year program sponsored by the 
A m e s  Research Center o f  NASA. Under t h i s  program, an attempt i s  
be ing  made a t  a fundamental understanding of blood flow and blood 

p r e s s u r e ,  inc luding  t h e  e f f e c t s  of a c c e l e r a t i o n .  I n  o rde r  t o  
i n s u r e  t h e  v a l i d i t y  and genera l  u se fu lness  of  t h e  p r e s e n t  expe r i -  

ments, c l o s e  co\ordinat ion between the engineer ing  and p h y s i o l o g i c a l  

aspects of the  problem has been maintained through the consu l t ing  

s e r v i c e s  of D r .  David L. Bruns, a spec ia l i s t  i n  ca rd iovascu la r  

medicine. 

ii 
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SUMMARY 

i I Experiments have been performed i n  a la rge-sca le  s imulated 

a r t e r i a l  f l o w  system t o  inves t iga t e  the  r e l a t i o n s h i p  between 

auscu l t a to ry  and d i r e c t  measurements of a r t e r i a l  blood pressure  

under c a r e f u l l y  con t ro l l ed  condi t ions .  E f f o r t s  were made t o  

s imula te  the l i v i n g  system as  c l o s e l y  as p o s s i b l e ,  and compari- 

sons were made over a wide range of pu lse  r a t e ,  pu lse  amplitude,  

and mean pressure  l e v e l ,  u s i n g  var ious  mixtures of water and 

g l y c e r o l ,  and f i n a l l y  whole blood as  the  f l u i d .  I The s imula ted  

a r t e r i e s  were of gum rubber or l a t e x  tubing of 1-inch diametey, 

10 f e e t  long, with wal l  thicknesses  of 1/16 and 1/8 inch.  The 

o s c i l l a t o r y  i n t r a - a r t e r i a l  p ressures  were recorded by p res su re  

t r ansduce r s  a t tached  t o  i n t e r n a l  p re s su re  probes,  and auscu l t a to ry  

readings  were accomplished w i t h  a s te thoscope  and a s p e c i a l l y  

designed pressure  chamber. 

I The r e s u l t s  i n d i c a t e  t h a t  both the  auscu l t a to ry  s y s t o l i c  

and d i a s t o l i c  p re s su re  readings as determined with a sphygmoman- 

ometer a r e  gene ra l ly  h igher  than the corresponding maximum and 

m i n i m u m  of the  o s c i l l a t o r y  i n t r a - a r t e r i a l  p re s su res . \  The e r r o r  

i n  bo th  readings appears t o  depend p r imar i ly  on the  e l a s t i c  

behavior  of the  v e s s e l  i t s e l f  and i s  g e n e r a l l y  g r e a t e r  than the  

buckl ing pressure  b u t  l e s s  than the co l l aps ing  pressure  f o r  t he  

a r t e r i a l  wa l l .  Thus, e i t h e r  thickening o r  s t i f f e n i n g  of the  

a r t e r i a l  wa l l  increases  t h e  error. i n  bo th  auscu l t a to ry  readings .  

I 

/The process  of occluding t h e  a r t e r y  f o r  a u s c u l t a t i o n  was 

gene ra l ly  found t o  amplify the oncoming pulse  wave j u s t  proximal 

t o  ( i . e . ,  j u s t  ahead o f )  the pressure  cuf f  and t o  a l t e r  completely 

t h e  form of the  pulse  wave as it passes  through the  cuf f  during 

t h e  product ion of Korotkoff sounds .\ I n  some cases ,  l o n g i t u d i n a l  

rup tu re  of the s imula ted  a r t e ry  occurred i n  t he  cuf f  a r ea  a f t e r  

repea ted  a u s c u l t a t i o n s .  

iii 



[ I n  s tudying  the s imulat ion of the blood f l u i d ,  it w a s  found 

t h a t  whole blood behaves as a corrbination of a pseudop las t i c  and 

a Bingham f l u i d .  / That i s ,  i t  has  a nonl inear  pressure-flow 
diagram, depending primarily upon the concen t r a t ion  of hemato- 
c y t e s ,  and r e q u i r e s  an i n i t i a l  p r e s s u r e  t o  s t a r t  the  f l o w .  The 

va lue  of t h i s  i n i t i a l  s tress,  however, is  extremely small and 

depends upon the concent ra t ion  of f ib r inogen  p r e s e n t .  

iv 
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AUSCULTATORY VERSUS DIRECT PRESSURE MEASUREMENTS 
FOR NEWTONIAN FLUIDS AND FOR BLOOD 

I N  SIMULATED ARTERIES 

1. INTRODUCTION 

T h e  use of t h e  sphygmomanometer i n  determining t h e  blood 

p r e s s u r e  of human s u b j e c t s  dates  back t o  1896 and i s  s t i l l  the 

s u b j e c t  of cons iderable  discussion as t o  proper  technique and 

i n t e r p r e t a t i o n .  Since t h e  discovery by Korotkoff ,  i n  1905, t h a t  

more c o n s i s t e n t  readings  could be taken by us ing  the s te thoscope  

i n  conjunct ion  wi th  t h e  sphygmomanometer and l i s t e n i n g  t o  the 

sounds produced i n  t h e  b rach ia l  a r t e r y  dur ing  cuf f  decompression, 

t h e  technique now known as  the "auscu l t a to ry"  technique has become 

common i n  medical p rac t ice .  However, the e x a c t  cause o f  the 

Korotkoff sounds i s  t o  t h i s  day not  f u l l y  understood, and the 

precise meaning of t h e  s y s t o l i c  and d i a s t o l i c  blood p res su re  

readings  obta ined  by the auscu l t a to ry  technique i s  s t i l l  no t  c lear  
i n s o f a r  as w h a t  the  readings t e l l  the observer  about  t h e  a c t u a l  

o s c i l l a t o r y  p r e s s u r e  and flow w i t h i n  the vessel  i t s e l f .  It i s  a t  
t h i s  l a t t e r  ques t ion  t h a t  t h e  p r e s e n t  experimental  i n v e s t i g a t i o n  

i s  aimed. 

I n  o rde r  t o  c l a r i f y  the  r e l a t i o n s h i p  between the s y s t o l i c  

and d i a s t o l i c  p re s su re  readings and t h e  o s c i l l a t o r y  p r e s s u r e s  

w i t h i n  the vessel  which a re  c l e a r l y  de f ined  i n  f l u i d  mechanics, 

one must be able t o  perform c o n t r o l l e d  experiments i n  which the 

p e r t i n e n t  parameters c a n  be v a r i e d  one a t  a t i m e  i n  a p r e s c r i b e d  

manner and can be accura te ly  measured. The p r e s e n t  experimental  

i n v e s t i g a t i o n  w a s  undertaken t o  f u l f i l l  t h i s  requirement and 

thereby f u r n i s h  a d i r e c t  comparison o f  a u s c u l t a t o r y  and d i r e c t  

b lood  p r e s s u r e s  over a wide range of c o n t r o l l e d  cond i t ions .  

Because of t h e  i n t r i c a t e  i n t e r r e l a t i o n s h i p s  of many of t h e  param- 
e ters  i n  t h e  l i v i n g  system, and because o f  the r e s u l t i n g  d i f f i c u l t y  

of vary ing  the i n d i v i d u a l  parameters,  a s imula ted  system w a s  
s e l e c t e d  f o r  t h e  p r e s e n t  study. 
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Inasmuch as  we a re  concerned here  only with a p r e c i s e  i n t e r -  

p r e t a t i o n  of t h e  s y s t o l i c  and  d i a s t o l i c  p re s su re  readings i n  a 

f l u i d  flow system, no attempt w a s  made t o  s imula te  such f a c t o r s  

as  hear t -va lve  func t ion ,  muscle t i s s u e ,  bone, v a s o c o n s t r i c t i o n ,  

e t c .  Rather ,  an i n t e n s i v e  e f f o r t  has  been made t o  produce a known 

and c o n t r o l l a b l e  p u l s a t i n g  f l o w  i n  a f l e x i b l e  tube of known pro- 

p e r t i e s .  With such a system, sphygmomancmeter readings can be 

r e l a t e d  t o  known q u a n t i t i e s  which can be v a r i e d  s y s t e m a t i c a l l y  

over t h e  d e s i r e d  ranges.  Such d a t a  should g r e a t l y  enhance t h e  

p o s s i b i l i t i e s  of d a t a  c o r r e l a t i o n  and  of a mathematical ana lys i s  

of t h e  phys ica l  phenomena involved. This i s  indeed t h e  u l t ima te  

a i m  of t h e  p re sen t  s tudy ,  a n d  such a mathematical a n a l y s i s  w i l l  
be undertaken i n  a l a t e r  phase of t h e  program, s i n c e  only when 

t h i s  i s  accomplished can w e  f u l l y  understand blood p res su re  measure- 

ments made by t h e  var ious  techniques.  The p r e s e n t  t e s t s  a r e  

in tended  t o  provide an experimental  comparison between a u s c u l t a t o r y  

and d i r e c t  p re s su re  measurements, and have been c a r r i e d  o u t  both 

wi th  a Newtonian f l u i d  (water and g l y c e r o l )  and wi th  f r e s h ,  whole 

s t e e r  blood.  

2 .  THE AUSCULTATORY TECHNIQUE 
I n  determining the  blood p res su re  of a human s u b j e c t ,  the  

phys ic i an  f i r s t  wraps a pneumatic cu f f  around t h e  p a t i e n t ' s  upper 

a r m  and i n f l a t e s  t he  cu f f  b y  means of a hand pump u n t i l  t h e r e  is  

no p u l s e  i n  t h e  r a d i a l  a r t e r y  a t  t h e  w r i s t .  (This i n d i c a t e s  t h a t  

t h e  b r a c h i a l  a r t e r y  is  completely occluded a t  t h e  c u f f . )  He then 

g r a d u a l l y  r e l e a s e s  t h e  pressure i n  t h e  cuf f  and a p p l i e s  t h e  

s te thoscope  t o  t he  b r a c h i a l  a r t e r y  j u s t  below t h e  c u f f .  A t  some 

p r e s s u r e  l e v e l ,  he begins  t o  hear a f a i n t  tapping sound ( t h e  

f i r s t  phase of t h e  Korotkoff sounds) and he records  t h e  c o r r e -  

sponding cuf f  p re s su re  as t h e  s y s t o l i c  p re s su re  reading.  A s  t h e  

c u f f  p re s su re  i s  reduced f u r t h e r ,  t h e  sound changes i n  c h a r a c t e r  

(second p h a s e ) ,  becomes c l e a r e r  and inc reases  i n  i n t e n s i t y  ( t h i r d  

phase)  , then fades r a t h e r  suddenly ( f o u r t h  phase)  , and f i n a l l y  
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disappears  ( f i f t h  phase ) .  This l a t t e r  p o i n t  i s  usua l ly  recorded 

a s  t h e  d i a s t o l i c  pressure  reading, although some phys ic ians  use 

t h e  f o u r t h  phase ( a t  which the sound fades  suddenly) a s  an ind ica-  

t i o n  of d i a s t o l i c  pressure .  

From the s tandpoin t  of t h e  a c t u a l  o s c i l l a t o r y  p re s su re  wi th in  

t h e  v e s s e l  being monitored (the b r a c h i a l  a r t e r y ) ,  t h e  meaning of 

t he  s y s t o l i c  and d i a s t o l i c  pressure readings  obta ined  i n  t h e  above 

manner i s  not  a t  a l l  c l e a r ,  It  i s  immediately ev iden t  t h a t  t he  

same flow i n  a s t i f f e r  o r  t h i c k e r  a r t e r y  w i l l  produce h igher  

readings s i n c e  a h igher  pressure would be r equ i r ed  t o  c l o s e  t h e  

s t i f f e r  v e s s e l ,  even if it were devoid of f l u i d .  A pre l iminary  

a n a l y s i s  of t h i s  "occluding" pressure  was developed i n  Reference 1 
f o r  o s c i l l a t o r y  flow i n  a f l e x i b l e  tube ,  and it was found t h a t ,  

f o r  a pressure  cuf f  of s u f f i c i e n t  length' ,  t h e  occluding p res su re  

i s  given approximately by 

where Pmax is  the  peak o s c i l l a t o r y  p re s su re  wi th in  t h e  unobstructed 

v e s s e l  ( i . e .  , befo re  occlusion)  , Ro is  t h e  undis turbed v e s s e l  
r a d i u s ,  and E and h a r e  the e l a s t i c  modulus and t h e  w a l l  t h i ck -  

ness  of t he  a r t e r y  i n  quest ion.  The second t e r m  r ep resen t s  t he  

c o l l a p s i n g  o r  occluding pressure f o r  a thin-wal led e l a s t i c  tube 

devoid of f l u i d ,  and is approximately f i v e  t i m e s  t h e  c r i t i c a l  

buckl ing p res su re .  This l a t t e r  p re s su re  i s  def ined  as  t h a t  p res -  

s u r e  d i f f e r e n c e  ( e x t e r n a l  m i n u s  i n t e r n a l )  a t  which the  t u b e  i s  
i n i t i a l l y  deformed from a c i r c u l a r  t o  an e l l i p t i c  c ros s  s e c t i o n .  

I n  any event ,  it i s  c l e a r  t h a t  t he  occluding p res su re  depends no t  

on ly  upon the  peak o s c i l l a t o r y  pressure  wi th in  the  v e s s e l  b u t  a l s o  

upon t h e  s t i f f n e s s  and thickness  of t h e  a r t e r i a l  wa l l .  

'If t h e  cuff  length  i s  too  s h o r t ,  t h e  l a r g e  curva ture  of t h e  v e s s e l  
w a l l  i n  t h e  a x i a l  d i r e c t i o n  w i l l  r e q u i r e  an a d d i t i o n a l  p re s su re  
which depends upon t h e  length of t he  c u f f .  
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It should be emphasized t h a t  t h e  cu f f  pressure  given by 

Equation (1) i s  t h e  occluding p res su re ,  which must be h igher  than 

the  auscu l t a to ry  s y s t o l i c  pressure reading.  That i s ,  t h e r e  can 

be no sounds heard i n  t h e  stethoscope i f  t h e  flow has b e e n  stopped 

i n  t he  a r t e r y .  Rather,  t h e  cuff pressure  must be reduced t o  such 

a l e v e l  t h a t  some f l u i d  passes through on each pu l se ,  and f u r t h e r  

t o  such a l e v e l  t h a t  t h e  i n t e r m i t t e n t  sounds produced become su f -  

f i c i e n t l y  i n t e n s e  t o  be audible through t h e  s te thoscope .  

The experimental  da t a  of Reference 1 showed t h a t  i n  a l l  cases  

the  s y s t o l i c  p re s su re  reading f e l l  below t h e  t h e o r e t i c a l  occluding 

p res su re  given by Equation (1)- Furthermore,  it was observed i n  
Reference 1 t h a t  flow occurred downstream from ( i . e . ,  d i s t a l  t o )  

t h e  p re s su re  charriber before  any Korotkoff sounds could be heard 

i n  t h e  s te thoscope e Since the auscu l t a to ry  technique involves  

l i s t e n i n g  t o  these  sounds, one would expect  t h a t  t h e  s y s t o l i c  and 

d i a s t o l i c  p re s su re  readings should depend not  only upon t h e  param- 

e t e r s  appearing i n  Equation (1) b u t  a l s o  upon those which a f f e c t  

such phenomena as sound production and sound a t t e n u a t i o n  and absorp- 

t i o n .  These phenomena i n  turn depend upon t h e  p r o p e r t i e s  of the  

f l u i d  as w e l l  a s  on t h e  p rope r t i e s  of t h e  a r t e r y  and t h e  pressure  

cuf f  Thus the  p r e c i s e  i n t e r p r e t a t i o n  of auscu l t a to ry  blood p res -  

s u r e  readings is a complex problem involving a number of r e l a t e d  

phys ica l  phenomena and i s  a sub jec t  which r e q u i r e s  s c i e n t i f i c  

i n v e s t i g a t i o n  

The experiments described i n  t h e  p r e s e n t  r e p o r t  a r e  intended 

t o  provide a d i r e c t  experimental  comparison between the  auscul ta -  

t o r y  s y s t o l i c  and d i a s t o l i c  p r e s s u r e  readings and t h e  correspond- 

ing maximum and m i n i m u m  of t h e  o s c i l l a t o r y  pressure  wave which 

e x i s t e d  i n  t h e  unobstructed a r t e r y  before  the  p re s su re  cu f f  i s  

appl ied .  The a c t u a l  cause of t h e  Korotkoff sounds ( i . e . ,  t h e  

mechanism of t h e i r  production) and t h e  a s soc ia t ed  motions of t h e  

f l u i d  and t h e  a r t e r i a l  wa l l  w i l l  be s t u d i e d  i n  a l a t e r  phase of t h e  

p r e s e n t  program, and the  r e s u l t s  w i l l  be presented  i n  a subsequent 

r e p o r t  
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3 .  MATCHING THE HUMAN SYSTEM 
Since auscu l t a to ry  blood p res su re  determinat ions a r e  nea r ly  

always made on t h e  b r a c h i a l  a r t e r y ,  w e  s h a l l ,  f o r  purposes of 

t h e  p re sen t  i n v e s t i g a t i o n ,  confine our a t t e n t i o n  t o  t h a t  v e s s e l  

and  the p u l s a t i n g  flow within i t .  Furthermore, t h e  r e s u l t s  of 

t h e o r e t i c a l  a n a l y s i s  (Refs. 2 and 3 )  i n d i c a t e  t h a t  t h e  e f f e c t s  of 

surrounding t i s s u e s  a r e  probably s m a l l .  The problem of matching 

t h e  phys io log ica l  s i t u a t i o n  is t h u s  reduced t o  t h a t  of matching 

t h e  phys ica l  and e l a s t i c  p rope r t i e s  of t h e  blood f l u i d  and t h e  

b r a c h i a l  a r t e r y  i t s e l f .  I n  t h i s  s e c t i o n  of t he  r e p o r t ,  w e  s h a l l  

concern ourse lves  w i t h  what these p r o p e r t i e s  are and how we s h a l l  

go about matching them i n  t h e  s imulated system. 

3.1 E l a s t i c  P rope r t i e s  of Living Vessels  

The phys ica l  s t r u c t u r e  o f  t he  a r t e r i a l  w a l l  a c t u a l l y  v a r i e s  

throughout t h e  a r t e r i a l  t r e e ,  and d e t a i l e d  information on the 

human b r a c h i a l  a r t e r y  i s  v i r t u a l l y  nonexis ten t .  However, h i s t o -  

l o g i c a l  evidence has been accumulated on var ious  a r t e r i e s  (par-  
t i c u l a r l y  the  t h o r a c i c  and the abdominal a o r t a ,  the femoral,  and 

the  c a r o t i d  a r t e r i e s )  which i n d i c a t e s  t h a t  t h e  a r t e r i a l  w a l l  i s  
composed of e s s e n t i a l l y  three l a y e r s  of d i f f e r e n t  m a t e r i a l s ,  

namely e l a s t i n ,  co l lagen ,  and smooth muscle. The geometr ica l  

s t r u c t u r e  and arrangement of each of t hese  is  somewhat unc lea r ,  

al though a v a i l a b l e  micro-photographs show t h a t  t h e  a r t e r i a l  wa l l  

i s  roughly approximated by an inne r  l a y e r  of e l a s t i n ,  a middle 

l a y e r  of smooth muscle, and an o u t e r  l a y e r  of co l l agen .  The 

e l a s t i c  modulus of e l a s t i n  has been measured and found t o  be 

roughly 3 ~ 1 0 ~  dynes pe r  cm2 o r  43 p s i  (Ref. 4 ) .  Collagen is  found 

t o  be much s t i f f e r  (E = l o 9  dynes/cm2 o r  14,500 p s i )  and i s  

be l i eved  t o  form a r e s t r a i n i n g  n e t  of fibres surrounding both t h e  

e l a s t i n  and  smooth muscle. The a v a i l a b l e  experimental  s t r e s s -  

s t r a i n  diagrams f o r  bo th  a x i a l  and c i r c u m f e r e n t i a l  ex tens ion  of 

exc i sed  a r t e r i a l  specimens are q u i t e  non l inea r ,  and t h e  d a t a  a r e  

r a t h e r  incomplete and i n c o n s i s t e n t .  General ly  speaking,  however, 
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the  s t i f f n e s s  of t h e  a r t e r i a l  wa l l  seems t o  inc rease  wi th  i n t e r n a l  

p re s su re .  It i s  be l ieved  t h a t  a t  small  s t r a i n s  t h e  e l a s t i c  

behavior i s  dominated by the  e l a s t i n ,  which i s  q u i t e  l i n e a r ,  b u t  

t h a t  a t  l a r g e r  s t r a i n s  the s t i f f e r  co l lagen  f i b r e s  become s t r e t c h e d  

and tend  t o  increase  t h e  e l a s t i c  r e s i s t a n c e .  

The ques t ion  of how t o  determine experimental ly  t h e  e l a s t i c  

p r o p e r t i e s  of l i v i n g  t i s s u e s  a t  once g ives  r ise  t o  a dilemma. 

The customary engineer ing techniques r e q u i r e  t h a t  a sample of 
the  ma te r i a l  t o  be tes ted be placed i n  a machine with which va r ious  

known loads o r  s t r e s s e s  can be appl ied  and the  corresponding 

changes i n  dimensions ( i . e . ,  the  s t r a i n s )  can be measured. How- 

eve r ,  i f  a sample of t he  phys io logica l  m a t e r i a l  i s  removed from 

the  body, it is  no longer a " l i v i n g  t i s s u e . "  Furthermore, t he  

n a t u r a l  c o n s t r a i n t s  under which a blood v e s s e l  normally opera tes  

i n s i d e  t h e  body have been removed. How t h e s e  e f f e c t s  a l t e r  t h e  

e l a s t i c  behavior of the  vesse l  i s  unknown. 

An obvious a l t e r n a t i v e  to  t h e  above technique i s  t o  make 

stress and s t r a i n  measurements on blood v e s s e l s  i n  vivo ( i . e . ,  
i n  t h e  l i v i n g  body) .  This technique, although apparent ly  more 
d i r ec t ,  i s  not without i t s  problems. The s t a t i c  p re s su re  wi th in  

an a r t e r y  can be measured by means of a w a l l  t a p ,  and the  s t r a i n  

can be measured with instruments a t t ached  t o  the  a r t e r i a l  w a l l ,  

b u t  t h i s  r equ i r e s  surgery,  which could a l t e r  t h e  surrounding 

t i s s u e s .  A more se r ious  l i m i t a t i o n  i s  t h a t  any attempt t o  r a i s e  

the  stress l e v e l s  i n  the  a r t e r y  by adminis ter ing drugs t o  r a i s e  

t h e  blood pressure  leads t o  the  p o s s i b i l i t y  of simultaneous chemi- 

c a l  o r  o the r  changes i n  e i t h e r  t he  phys ica l  p r o p e r t i e s  of t h e  

blood o r  t h e  e l a s t i c  p rope r t i e s  of t h e  a r t e r i a l  w a l l ,  a s  w e l l  a s  

p o s s i b l e  changes i n  pu lse  r a t e ,  which i n  t u r n  would a l t e r  any 

frequency-dependent e l a s t i c  behavior.  Furthermore,  t h e  equat ions 

which must be used  t o  e x t r a c t  t h e  e l a s t i c  cons t an t s  from t h e  

measured stress and s t r a i n  involve c e r t a i n  assumptions whose 

v a l i d i t y  f o r  t h e  l i v i n g  system i s  unknown. 
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A t h i r d  technique f o r  dtermining the  e l a s t i c  modulus of  blood 

v e s s e l s  l i es  i n  t he  use of the r e l a t i o n s h i p  between t h e  e l a s t i c  
modulus and t h e  pu l se  wave ve loc i ty  i n  f l e x i b l e  tubes .  H e r e ,  how- 

eve r ,  w e  have two b a s i c  shortcomings: t h a t  of dea l ing  wi th  a n  
exc ised  v e s s e l  and t h a t  of the mathematical  assumptions leading 

t o  the  above r e l a t i o n s h i p .  I n  a d d i t i o n ,  of course ,  t h e r e  i s  t h e  

problem of avoiding wave r e f l e c t i o n s  frcm t h e  j u n c t u r e  be tween 
the  f lexible  v e s s e l  being t e s t e d  and t h e  r i g i d  tubes t o  which t h e  

v e s s e l  is  a t t ached .  

Perhaps t h e  most comprehensive s tudy  of t he  e l a s t i c  behavior  

of exc i sed  a r t e r i a l  s t r i p s  was c a r r i e d  out  i n  1880 by Roy (Ref. 5 ) ,  
who even then observed t h a t  a r t e r i e s  e x h i b i t  t h e  v i s c o - e l a s t i c  

and thermoelas t ic  p r o p e r t i e s  of t h a t  c l a s s  of m a t e r i a l s  now 

r e f e r r e d  t o  a s  "elastomers .  " These rubber - l ike  ma te r i a l s  a r e  

cha rac t e r i zed  by t h e  following four  p r o p e r t i e s  : 

( a )  A l a r g e  e l a s t i c  range ( i . e . ,  l a r g e  e longat ions  wi th  

subsequent r e t u r n ) .  
(b) A nonl inear  s t r e s s - s t r a i n  r e l a t i o n  (E v a r i e s  wi th  

t h e  s t r a i n  E ) .  

(c)  A r e l a x a t i o n  time ( i . e . ,  s t r a i n  under cons t an t  stress 
v a r i e s  wi th  t i m e ) .  

( d )  Anomalous thermal behavior (ma te r i a l  c o n t r a c t s  when 

exposed t o  hea t  while under t e n s i o n ) .  

More r e c e n t l y ,  Bergel (Ref. 6 )  publ ished more p r e c i s e  d a t a  

which i n d i c a t e  t h a t  t h e  s t a t i c  Young's modulus E f o r  exc i sed  

a r t e r i e s  v a r i e d  almost l i n e a r l y  wi th  p re s su re  l e v e l  i n  t h e  normal  
range of mean p res su res .  The v a r i a t i o n  of v e s s e l  r ad ius  wi th  

pressure is  shown f o r  the  femoral a r t e r y  i n  Figure 1, which i s  
reproduced from Reference 6 .  Bergel a l s o  found t h a t  t h e  va lues  

of E d i f f e r e d  considerably from one v e s s e l  t o  another .  A t  a 
p re s su re  of 100 mm Hg the  values range from about 4 ~ 1 0 ~  dynes/cm2 

(60 p s i )  f o r  t he  tho rac i c  aor ta  t o  about 7X106 dynes/cm2 

f o r  t he  c a r o t i d  a r t e r y .  Later,  i n  Reference 7 ,  Bergel presented  

(100 p s i )  
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t h e  r e s u l t s  of dynamic t e s t s  on exc ised  a r t e r i e s ,  and these  a r e  

reproduced i n  Figure 2 i n  terms of t h e  magnitude o f  the  dynamic 

modulus and t h e  phase l a g  between stress and s t r a i n .  It can be 

seen  t h a t  t h e  phase l ag  i s  only of t h e  order  of 5O i n  t h e  normal 

range of pu lse  r a t e  and does n o t  exceed loo even a t  high frequen- 

c ies .  O n  t h e  o the r  hand, the v i s c o - e l a s t i c  proper ty  of t h e  a r t e r i a l  
w a l l  nay be important i n  determining the  rnagnitude of t he  o s c i l l a -  

t o r y  displacements,  as ind ica ted  by the  r a t h e r  l a r g e  values  of 

t he  r a t i o  Edyn/E. 

p o s s i b l y  some a d d i t i o n a l  experiments,  w i l l  be undertaken i n  a 

l a t e r  phase of t h e  p re sen t  o v e r a l l  program. I n  p a r t i c u l a r ,  an 

a t tempt  w i l l  be made t o  a sce r t a in  t h e  d e t a i l e d  phys ica l  and 

e l a s t i c  p r o p e r t i e s  of the  human b r a c h i a l  a r t e r y .  

A d e t a i l e d  ana lys i s  of a l l  a v a i l a b l e  d a t a  on a r t e r i e s ,  and 

3 .2  Viscous Behavior of Whole Blood 
Whole blood i s  a c t u a l l y  an extremely complex f l u i d  composed 

of  s e v e r a l  types of l i v i n g  c e l l s  suspended i n  a c l e a r  s o l u t i o n ,  

c a l l e d  plasma, which i t s e l f  contains  s a l t s  and organic  compounds 

(see R e f .  8)  a I n  normal human blood, about 44 pe rcen t  of t h e  

volume i s  occupied by a heterogenous mixture of blood c e l l s  c a l l e d  

hematocytes.  The two most common types of hematocytes a r e  t h e  r e d  

and white  corpusc les .  The red corpuscles  ( e ry th rocy te s )  a r e  f l e x -  

ible biconcave d i s k s ,  about 8 microns i n  diameter and 2 microns 

t h i c k ,  and these  c o n s t i t u t e  over 99 percent  of t h e  t o t a l  number 

of blood ce l l s .  The whi te  corpuscles ( leukocytes)  comprise less 
than  one-half of 1 pe rcen t  of t he  t o t a l  number of ce l l s .  Removal 

of a l l  blood ce l l s  leaves the blood plasma, which i s  considered 

t o  be nea r ly  a Newtonian f l u i d .  (A Newtonian f l u i d  i s  any l i q u i d  

o r  gas whose v i s c o s i t y  c o e f f i c i e n t  p i s  independent of t he  r a t e  

of s h e a r . )  However, whole blood shows a decreasing c o e f f i c i e n t  of 

v i s c o s i t y  with increas ing  shear r a t e .  This depar ture  from Newtonian 

behavior  becomes more pronounced with inc reas ing  hematocyte con- 

c e n t r a t i o n s .  
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The development of a mathematical model f o r  t h e  v i s c o s i t y  
character is t ics  of w h o l e  blood would indeed be a formidable t a sk ,  
because t h e  model must account f o r  a suspension of  f l e x i b l e ,  non- 

s p h e r o i d a l  blood cel ls  w h i c h  have some k ind  of a f f i n i t y  f o r  one 
another .  However, an approximate a n a l y s i s  f o r  t h e  v i s c o s i t y  of  a 

suspension of s o l i d  n e u t r a l  spheres i n  a Newtonian f l u i d  has been 

advanced by E i n s t e i n  ( R e f .  9 ) .  That a n a l y s i s  showed t h a t  the 

v i s c o s i t y  c o e f f i c i e n t  w a s  a funct ion of pa r t i c l e  concen t r a t ion  as 
descr ibed  by the equat ion:  

wre1 = 1 + 0.025H (2 1 

w h e r e  w r e l  i s  the r e l a t ive  v i s c o s i t y  c o e f f i c i e n t ,  def ined  as 
the r a t i o  of the v i s c o s i t y  of the mixture t o  t h a t  of  t h e  suspend- 

ing  f l u i d ,  and H i s  the percentage o f  hematocytes ( spheres)  b y  

volume. Equation ( 2 )  has  been checked a g a i n s t  some experimental  
b lood  flow d a t a  taken by Haynes and Burton (Ref.  1 0 )  and i s  

p l o t t e d  i n  Figure 3.  

T h e  experimental  d a t a  shown i n  Figure 3 i n d i c a t e  a higher 

v i s c o s i t y  than  would be predic ted  by E i n s t e i n ' s  equat ion  f o r  m o s t  
va lues  o f  the s t r a i n  r a t e  
verge upon Equation (1) w i t h  decreasing pa r t i c l e  concent ra t ion  

and w i t h  i nc reas ing  shear r a t e s  so t h a t ,  f o r  volumetr ic  concen- 

t r a t i o n s  less than  19 percent,  t h e  experimental  d a t a  and E i n s t e i n ' s  

a n a l y s i s  are i n  good agreement f o r  h igh  ra tes  of shear. The l ack  

of  agreement a t  the h igher  p a r t i c l e  concen t r a t ions  i s  no t  s u r p r i s -  

i n g  because the assumption of non- in te rac t ing ,  r i g i d  p a r t i c l e s ,  i s  
c l ea r ly  u n j u s t i f i e d  f o r  normal whole blood.  Never the less ,  Equa- 

t i o n  ( 2 )  is  u s e f u l  f o r  approximating the v iscous  effects  a t  t h e  

lower par t ic le  concent ra t ions  and f o r  i d e n t i f y i n g  one of t h e  impor- 
t a n t  parameters (HI which will be used t o  c o r r e l a t e  t h e  blood- 

flow da ta .  

T .  However, the d a t a  do e v i d e n t l y  con- 

I n  a d d i t i o n  t o  the suspended hematocytes,  whole blood a l s o  
con ta ins  i n  the plasma an organic  compound, cal led f ib r inogen ,  
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which, if allowed t o  remain i n  a c o l l e c t e d  blood sample, is  

be l i eved  t o  a f f e c t  another  type of non-Newtonian c h a r a c t e r i s t i c ,  

namely, t h e  a b i l i t y  t o  support  an  i n i t i a l  shear  s t r e s s .  But s i n c e  

f ibr inogen  a l s o  con t r ibu te s  t o  t h e  blood c l o t t i n g  process  (Ref. ll), 
workers i n v e s t i g a t i n g  the  v i s c o s i t y  c h a r a c t e r i s t i c s  of blood gen- 

e r a l l y  add an t icoagulants  t o  the sample t o  i n h i b i t  t he  formation 
of t h e  f i b r o u s  blood c l o t .  The most commonly used an t icoagulants  

a r e  hepar in ,  c i t r a t e ,  and oxalate .  Cokelet (Ref. 1 2 )  has poin ted  

ou t  t h a t  t h e  add i t ion  of such an t icoagulants  a l te rs  t h e  a b i l i t y  
of t h e  blood t o  support  an  i n i t i a l  shea r  stress, o r  n u l l i f i e s  it 
completely . 

The v a r i a b l e  v i s c o s i t y  c o e f f i c i e n t  of a non-Newtonian f l u i d  

i s  b e t t e r  understood by discussing f l u i d  flow i n  t e r m s  of t h e  

shear  stress 7 and s t r a i n  r a t e  ?; where 

7 = f ( j )  ( 3 )  

This r e l a t i o n s h i p  i s  genera l ly  d isp layed  on a "flow curve,  I' which 

is  a p l o t  of t h e  shear  stress a g a i n s t  t h e  r a t e  of s t r a i n .  

of flow curves f o r  t h r e e  bas i c  c l a s s e s  of f l u i d s  which a r e  d i s -  

cussed throughout t h i s  s e c t i o n  a r e  shown below. 

Examples 

7 

T 
Y 

Bingham p l a s t i c  

Pseudoplas t i c  

-7 
Y 
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1 
I 
E These three f l u i d s  are  represented mathematically as fo l lows  

(see R e f .  2 4 )  : 

Newtonian f l u i d  

8 

P s e udop 1 as t i c 

E 

C 

Bingham P l a s t i c  

T = fo r  n < 1 

w h e r e  

w i s  the Newtonian c o e f f i c i e n t  of v i s c o s i t y  

i s  the p l a s t i c  c o e f f i c i e n t  of v i s c o s i t y  
UP 

K i s  the pseudoplas t ic  cons is tency  index 

n i s  the pseudoplas t ic  exponent 

The  so-ca l led  "apparent" v i s c o s i t y  c o e f f i c i e n t  f o r  such 
f l u i d s  i s  def ined  as 

Thus, un le s s  the f l u i d  i s  Newtonian, ka w i l l  v a ry  w i t h  
shear r a t e .  For a pseudoplas t ic  f l u i d ,  s u b s t i t u t i o n  of  Equation ( 6 )  

i n t o  Equation ( 7 )  shows t h a t  t he  c o e f f i c i e n t  of  v i s c o s i t y  decreases  

w i t h  i nc reas ing  shea r  ra te  according t o  t h e  r e l a t i o n  

An a n a l y s i s  based upon the data  from Reference 10 and Refer- 

ences  1 2  through 19 i n d i c a t e s  t ha t  whole blood i s  and remains a 
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I 
I 
I 
I 
I 
I 
1 
II 
D 
1 
I 
0 
I 
1 
I 
c. 
1 
I 
I 

pseudoplas t ic  f l u i d  over a very wide range of shear  r a t e s .  A 

b r i e f  summary of some of t he  p e r t i n e n t  t e c h n i c a l  information from 

each of t hese  re ferences  (such as type of blood,  an t i coagu lan t  

added, and viscometer used) is presented  in Table 1. 

The flow curves f o r  human and canine blood plasma, blood 

se rum ( t h e  f l u i d  remaining a f t e r  coagula t ion)  and whole blood 

a t  no rza l  c e l l  ccncent ra t ions  (42 t o  44 pe rcen t )  a r e  presented  i n  
Figure 4 .  Also p l o t t e d  on the same graph f o r  comparit ive purposes 

i s  t h e  flow curve f o r  water.  It  can be seen t h a t  normal blood 

without  t he  p r o t e i n  fibrinogen2 

t h a t  i s ,  t he  blood has a higher shear  stress f o r  a given shear  

r a t e  a s  s e e n  from t h e  s p e c i f i c  v i s c o s i t y  c o e f f i c i e n t  ( r a t i o  of 

shear  stress of f l u i d  i n  question t o  t h a t  of water a t  any f ixed  

shea r  r a t e ) .  The s p e c i f i c  v i s c o s i t y  of whole blood without 

f ibr inogen  decreases  from 1 9  to  2.8 a s  i nc reases  from 

t o  10 secVi,  while f o r  the  blood plasma and se rum,  t h e  s p e c i f i c  

v i s c o s i t y  remains a t  a constant  value (1.7) over a l l  t he  a fore-  

mentioned shear  r a t e s .  Since the  s lope  of t h e  curves f o r  plasma 

and serum i s  nea r ly  1 . 0 ,  t h e  flow c h a r a c t e r i s t i c s  of plasma and 

s e r u m  a r e  s e e n  t o  be nea r ly  Newtonian. Another s i g n i f i c a n t  obser- 

v a t i o n  made from Figure 4 i s  t h a t  human and canine blood appear 

t o  be nea r ly  i d e n t i c a l  i n  viscous behavior .  

i s  much more viscous than water ;  

The d a t a  from which t h e  flow curves of Figure 4 were cons t ruc ted  

w e r e  obtained with var ious  types  of viscometers ( c a p i l l a r y 3  and 

r o t a t i o n a l ) ,  and i n  gene ra l  gave s i m i l a r  r e s u l t s ,  
Figure 5 d i sp l ays  t h e  f l o w  c h a r a c t e r i s t i c s  of bovine blood 

f o r  var ious  hematocyte concentrat ions.  I t  can be seen t h a t  t h e  

s lope  of t h e s e  logari thmic s t r e s s - s t r a i n  curves i s  cons tan t  f o r  

each hematocyte concentrat ion.  Hence, bovine blood i s  seen t o  be 

2we s h a l l  consider  t h e  inf luence of f ibr inogen s e p a r a t e l y .  

3The shear  s t r e s s e s  and r a t e s  w e r e  determined by employing t h e  
ana lyses  presented i n  Appendix A. 
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a pseudoplas t ic  f l u i d  (Eq. ( 6 ) ) ,  and t h e  s lope  of each curve y i e l d s  

t h e  value of t h e  pseudoplast ic  exponent n e  
One w i l l  also note i n  Figure 5 t h a t  t h e r e  i s  a dependence of 

t h e  pseudoplas t ic  exponent upon t h e  hematocyte concent ra t ion  H. 

This type of dependence i s  ev ident ly  a l s o  c h a r a c t e r i s t i c  of human 

and canine blood. 

Figure 6 i s  a plot of the pseudoplas t ic  exponent a s  a func t ion  

of p a r t i c l e  concent ra t ion  f o r  human, c a n i n e ,  and bovine blood. The 

l i n e a r  curve drawn through the human blood d a t a  was determined by 

a l e a s t  squares f i t  through the d a t a  of Haynes and Burton (Ref. 10)  

Haynes and Burton’s  d a t a  were chosen because they appeared t o  be 

more c o n s i s t e n t  and covered a wider range of c e l l  concent ra t ions  

(8.8 percent  t o  8 2 . 5  percent  by volume) than any o t h e r s .  The 

l e a s t  mean square curve ca lcu la ted  f o r  t h e  bovine blood u t i l i z e d  

a l l  t h e  bovine d a t a  po in t s .  The p l o t s  i n  Figure 6 i n d i c a t e  t h a t  

t h e  pseudoplas t ic  exponent i s  roughly a l i n e a r  func t ion  of c e i i  

concent ra t ion  which can be expressed a s  

n ( H )  = 1.00 - C,H (9 1 

where H i s  the  percentage of hematocytes by volume and C, 

i s  an empir ica l  cons tan t  which i s  dependent upon t h e  spec ies  of 

t he  animal blood. 

The value of t h e  c o e f f i c i e n t  C, was determined by the  

l e a s t  squares  method and found  t o  be 

C, = 4 . 5 ~ 1 0 ~ ~  for human and canine blood 7 
C, = 1 . 7 ~ 1 0 - ~  fo r  bovine blood 

Now i n  order  t o  def ine  completely t h e  pseudoplas t ic  cha rac t e r -  

i s t i c s  of whole blood ( w i t h  no f i b r i n o g e n ) ,  the dependence of t h e  

cons is tency  index ( K )  upon the  volumetr ic  concent ra t ion  of ce l l s  
must  be determined. K was determined from t h e  o r i g i n a l  flow 

curves by observing t h e  shear stress a t  = 1 . 0 ,  because K 
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and T are equa l  a t  t h a t  condi t ion (see E q .  ( 6 ) ) .  The cons is tency  

ind ices  f o r  a l l  t h r e e  species (human, canine,  and bovine)  are 

p l o t t e d  i n  Figure 7 as funct ions o f  hematocyte concent ra t ion .  The 

l i n e a r  curve w a s  determined by a leas t  squares  f i t  through the 

experimental  d a t a  of Haynes and Burton (Ref a 10) , and Coul te r  and 

Pappenheimer ( R e f .  1 7 )  This curve i n d i c a t e s  t h a t  K i nc reases  

as an exponent ia l  func t ion  of cell concen t r a t ion ,  given by 

and the cons t an t s  w e r e  determined t o  be 

C, = 1.05X10'2; C, = 5 . 4 ~ 1 0 - ~  

f o r  human, canine,  and bovine blood. 
Having approximated the pseudoplas t ic  characterist ics of 

whole blood,  one can now develop the v i s c o s i t y  c o e f f i c i e n t  by 

s u b s t i t u t i n g  Equations ( 9 )  through ( 1 2 )  i n t o  Equation ( 8 ) .  The 

c a l c u l a t e d  v i s c o s i t y  c o e f f i c i e n t s ,  assuming a n o r m a l  c e l l  count  

(or 4 3  p e r c e n t ) ,  are p l o t t e d  i n  Figure 8 as a func t ion  o f  shea r  
ra te .  The p l o t s  aga in  show t h a t  bovine blood i s  much more nea r ly  
Newtonian ( b u t  g e n e r a l l y  more v i scous )  than are human and canine 

b lood .  The near-Newtonian behavior of the bovine blood can be 

seen from the f l a t n e s s  of t h e  curve,  s i n c e  a cons t an t  c o e f f i c i e n t  
of  v i s c o s i t y  i s  c h a r a c t e r i s t i c  of  a Newtonian f l u i d .  I n  gene ra l ,  

the c a l c u l a t e d  curves show t h a t  t h e  c o e f f i c i e n t s  of  v i s c o s i t y  f o r  

whole blood decrease wi th  increas ing  shear ra te  , p a r t i c u l a r l y  a t  
l o w  shea r  ra tes ,  which i s  t y p i c a l  of  p seudop las t i c  f l u i d s .  

a b i l i t y  t o  s u s t a i n  an i n i t i a l  shear stress z which i s  t y p i c a l l y  

charac te r i s t ic  of a Bingham p l a s t i c  (see E q .  ( 5 ) ) .  The a b i l i t y  t o  

s u s t a i n  an i n i t i a l  y i e l d  s t r e s s  w a s  a t t r i b u t e d  by Cokelet  ( R e f .  1 2 )  

t o  the presence of the p ro te in  f ibr inogen .  Cokelet  found t h a t ,  

when the f ibr inogen  w a s  removed, the f l u i d  became pseudoplas t ic  

It w i l l  be recal led from Figure  4 t h a t  whole blood has t h e  

Y '  
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over the  e n t i r e  range of shear  rates inves t iga t ed .  The changes i n  
t h e  flow curves f o r  normal human blood produced by d i f f e r e n t  

amounts of f ib r inogen  a r e  shown i n  Figure 4. 

There i s  only a meager amount of experimental  d a t a  a v a i l a b l e  

t o  eva lua te  the  r e l a t i o n s h i p s  between the  i n i t i a l  shea r  stress and 

t h e  o t h e r  parameters Thus, the information which i s  a v a i l a b l e  

does no t  warrant an a n a l y t i c  r e l a t i o n s h i p  a t  t h i s  t i m e .  It does 

appear from Figure 4 t h a t  T i nc reases  with t h e  percentage by 

volume of  f ibr inogen .  
Y 

I n  view of t he  r a t h e r  small  va lues  of T i n d i c a t e d  i n  
Figure 4 ,  a ques t ion  remains as  t o  whether t h e  i n i t i a l  shea r  

stress e f f e c t  i n  r e a l  blood is a t  a l l  s i g n i f i c a n t .  This ques t ion  

can be p a r t i a l l y  answered by comparing the  r e l a t i v e  magnitudes of 

a t y p i c a l  shear  stress T i n  an a r t e r y  t o  t h e  value of t h i s  y i e l d  

stress, T 

of 60 dynes/cm2 as t y p i c a l  of flow i n  t h e  l a r g e r  a r t e r i e s ,  and 

Cokelet  found t h e  y i e l d  s t r e s s  t o  be 0.03 dynes/cm2 i n  normal 

blood. Hence ,  z i s  of t h e  order  of 0.05 pe rcen t  of t h e  probable 

va lue  of T~ and consequently T i s  probably n e g l i g i b l e .  How- Y 
ever ,  i n  an o s c i l l a t o r y  flow t h a t  has a zero mean v e l o c i t y ,  t h e  

f l u i d  shea r  stress becomes equal t o  o r  less than T each t i m e  
t h e  v e l o c i t y  passes  through zero.  I n  such a case ,  t h e  f l u i d  must 

be s a i d  t o  behave as  a Bingham p l a s t i c ,  a t  l e a s t  over p a r t  of t h e  

cyc le .  Whether or  not  t h i s  Bingham p l a s t i c  e f f e c t ,  experienced 

during o s c i l l a t o r y  flow, can be neglected mus t  t h e r e f o r e  await  

f u r t h e r  examination. 

Y 

Y 
Haynes and Burton ( R e f .  10) suggest  a value of shear  s t r e s s  

Y 

Y 

Analysis of t h e  ava i l ab le  blood flow d a t a  f o r  human and 

animal blood has ind ica t ed  t h a t  t he  presence of blood c e l l s  and 

the  p r o t e i n  f ibr inogen  i n  whole blood causes the  blood t o  behave 

a s  a combination of a Bingham p l a s t i c  and a pseudop las t i c  f l u i d .  

The accumulated information appears t o  be s u f f i c i e n t l y  complete 

t o  w a r r a n t  t h e  following approximate equat ions f o r  t h e  shea r  

stress and the  apparent v i s c o s i t y  c o e f f i c i e n t  of blood: 
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where T i s  extremely small ,  so  t h a t  
Y 

The cons tan t  C, and the smal l  i n i t i a l  s tress T are 

I n  summary, whole blood appears t o  behave e s s e n t i a l l y  a s  a 

Y 
dependent upon t h e  spec ies  of t h e  animal.  

pseudoplas t ic  f l u i d ,  having a decreasing c o e f f i c i e n t  of v i s c o s i t y  

with inc reas ing  shear r a t e .  The smal l  i n i t i a l  shear  o r  y i e l d  

s t r e s s  seems t o  be caused bythe  p r o t e i n  f ibr inogen ,  s o  t h a t ,  when 

t h e  f ibr inogen  i s  removed, the y i e l d  e f f e c t  vanishes .  Human and 

canine blood ev iden t ly  possess ve ry  nea r ly  i d e n t i c a l  non-Newtonian 

c h a r a c t e r i s t i c s ,  b u t  bovine blood, a s  represented  by s teer  blood, 

i s  much more near ly  Newtonian, a l though more v iscous .  Las t ly ,  

E i n s t e i n ' s  Equation ( 2 )  seems t o  f u r n i s h  reasonable v i s c o s i t y  

e s t ima tes  f o r  t h e  smaller  p a r t i c l e  concent ra t ions  ( 0  t o  10 per -  

cen t  by volume) and h igher  shear rates 
no t  p r e d i c t  t he  non-Newtonian behavior .  

(; > 100 sec"') , b u t  does 

A l l  of t he  blood-flow data analyzed he re in  were taken i n  
g l a s s  c a p i l l a r y  tubes o r  r o t a t i n g  viscometers ,  Corresponding 

" i n  vivo" da t a  do not appear t o  be a v a i l a b l e  a t  t h i s  t ime. 

3 .3  The Idea l i zed  Model 

3 . 3 . 1  The a r t e r i a l  w a l l  
I n  a t tempting t o  match the human system for  t he  purpose of 

t h e  p r e s e n t  i n v e s t i g a t i o n ,  we s h a l l  f i r s t  i d e a l i z e  both the  a r t e r y  

i n  ques t ion  ( the  b r a c h i a l )  and  t h e  f l u i d  contained t h e r e i n  ( t h e  

b l o o d ) ,  so t h a t  w e  can cha rac t e r i ze  t h e  problem by a number of 

non-dimensional parameters which can then be c o n t r o l l e d  f o r  t h e  

experiments,  For t h i s  purpose, w e  s h a l l  cons ider  t h e  a r t e r y  
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I 
1 
I 

i t s e l f  t o  be a Kelvin-Voigt s o l i d ,  which behaves l i k e  a spr ing  

and viscous damper arranged i n  p a r a l l e l  ( see  ske tch )  

Spring ' n a m  pe r 

0 Weight 

The s t r e s s - s t r a i n  r e l a t i o n  for such a m a t e r i a l  can be expressed 

i n  t h e  form 

where 

6 = s t r e s s  

E = s t r a i n  

i = r a t e  of s t r a i n  

E = s t a t i c  Young's modulus 

E '  = v i s c o - e l a s t i c  modulus 

1 Now, f o r  a pure ly  s i n u s o i d a l  s t r a i n ,  we have 

1 
and Equation (15)  y i e l d s  I 

-iot 
E = Eoe 

6 = E % ( l  - 7) icuE ' 

Hence, t he  i d e a l i z e d  a r t e r y  can be charac-er ized  f o r  he p r e s e n t  

problem by the  s t a t i c  Young's modulus E and t h e  dimensionless 

r a t i o  & ' / E .  
I 



-18- 

3.3.2 The blood f l u i d  

Inasmuch as  whole blood is a r a t h e r  complicated non-Newtonian 

f l u i d  whose a c t u a l  composition i s  not  f u l l y  understood, w e  s h a l l  

no t  a t tempt  t o  match t h e  non-Newtonian behavior of t h e  f l u i d  f o r  

t h e  p r e s e n t  t e s t s .  Rather,  we s h a l l  f i r s t  knowingly over-s implify 

t h e  f l u i d  t o  the  p o i n t  of u s i n g  a homogeneous Newtonian f l u i d  of 

v a r i a b l e  v i s c o s i t y  and then proceed t o  check our experimental  

r e s u l t s  by making tes ts  with whole blood. Hence ,  t h e  i n i t i a l  

t e s t  f l u i d  i s  cha rac t e r i zed  by i t s  mass d e n s i t y  and i t s  kinematic 

v i s c o s i t y .  This approach seems j u s t i f i e d ,  s i n c e  we a r e  concerned 

here  wi th  one of t h e  l a r g e r  a r t e r i e s  ( the  b r a c h i a l )  i n  which t h e -  

shear  r a t e s  a r e  gene ra l ly  high and t h e  non-Newtonian viscous 

behavior  seems r e l a t i v e l y  unimportant i n  determining t h e  f l u i d  

p re s su res .  O n  t h e  o t h e r  hand, t h e  check wi th  r e a l  blood i s  

e s s e n t i a l ,  since t h e  production, a t t e n u a t i o n ,  and absorp t ion  of 

t h e  Korotkoff sounds may w e l l  be inf luenced by o t h e r  f a c t o r s  i n  
t he  blood f l u i d ,  r ega rd le s s  of s c a l e .  

3.4 Dynamic S i m i l a r i t y  

Rather than at tempting t o  match each parameter of t h e  physio- 

l o g i c a l  system (some of which a r e  not  accu ra t e ly  known), i t  w i l l  
be convenient here  t o  s c a l e  up t h e  e n t i r e  system t o  a s i z e  which 

w i l l  s imp l i fy  the  instrumentat ion problem (and improve t h e  exper i -  

m e n t a l  accuracy) and t o  vary the parameters over a w i d e  range. I n  

o rde r  t o  s c a l e  the  problem properly,  of  course ,  one mus t  be ce r t a in  
t h a t  a l l  of t h e  non-dimensional parameters of  t h e  flow problem a r e  

matched t o  i n s u r e  dynamic s i m i l a r i t y .  For t h e  problem of an o s c i l -  

l a t o r y  v iscous  flow i n  a n  e l a s t i c  t u b e ,  t h e s e  parameters involve 

t h e  phys ica l  and e l a s t i c  p rope r t i e s  of t h e  f l u i d  and t h e  v e s s e l  

wa l l ,  a s  w e l l  a s  the  q u a n t i t i e s  which descr ibe  the  p u l s a t i n g  flow. 

For a simple s i n u s o i d a l  pressure wave (which w e  s h a l l  employ i n  
t h e  experiments) , t h e  l i n e a r i z e d  mathematical a n a l y s i s  of Refer- 

ences 2 and 3 i n d i c a t e s  t h a t  f o r  small  displacements ,  t h e  appro- 

p r i a t e  non-dimensional q u a n t i t i e s  can be w r i t t e n  i n  t h e  following 

form: 
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- 
Ro 

where h ,  Roy and (5 a re  the th i ckness ,  r a d i u s ,  and Po i s son ' s  

r a t i o  of t h e  a r t e r i a l  w a l l ,  Vo i s  the  mean v e l o c i t y ,  CD i s  t h e  

pu l se  frequency, and v i s  the f l u i d  kinematic  v i s c o s i t y .  The 

q u a n t i t y  RoVo/v i s  recognized a s  t h e  Reynolds number based on 
t h e  mean v e l o c i t y ,  and t h e  quant i ty  Ro20/v i s  t h e  corresponding 

unsteady Reynolds number based on t h e  frequency of o s c i l l a t i o n .  

I n  a d d i t i o n ,  s i n c e  the  present problem of p a r t i a l  occlusion 

involves  l a rge  displacements,  w e  may have t o  add t o  t h e  above l i s t  

t h e  parameters 

PA and - - 
PO E 

where po is  the  mean pressure l e v e l  and PA i s  t h e  pulse  

amplitude.  
The phys ica l  and e l a s t i c  p r o p e r t i e s  of t h e  s imulated a r t e r y  

a r e  determined by the  se l ec t ion  of t he  m a t e r i a l  and dimensions of 

t h e  f l e x i b l e  tubing.  The f l u i d  v i s c o s i t y  w i l l  be v a r i e d  by using 

varying concent ra t ions  of g lyce ro l  i n  w a t e r ,  and t h e  flow cond i t ions  

a r e  t o  be ad jus t ed  by means of the  experimental  appara tus .  I n  
view of t h e  r a t h e r  wide normal v a r i a t i o n  and unce r t a in ty  of t h e  

above parameters f o r  t he  phys io logica l  problem, t h e  approach he re  

w i l l  be t o  cover a range which b racke t s  t h e  known normal physio- 

l o g i c a l  range and is  s u f f i c i e n t l y  wide t o  e s t a b l i s h  any s i g n i f i c a n t  

t r e n d s .  

4 .  EXPERIMENTAL APPARATUS 

4 . 1  General Descr ipt ion 

The "blood pressure ' '  measurements i n  t h e  s imulated a r t e r y  

w e r e  taken by u s e  of  a f l u i d  flow apparatus  which was designed t o  

s imula te  the  human b r a c h i a l  a r t e r y ,  inc luding  the p u l s a t i n g  f l u i d  
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flow t h e r e i n .  The apparatus is  capable of producing w i d e  ranges 

of mean p res su re  l e v e l ,  pu lse  amplitude,  pu l se  frequency, and 

mean flow r a t e s .  Other va r i ab le s  include a r t e r y  wa l l  phys i ca l  

c h a r a c t e r i s t i c s  and f l u i d  v i s c o s i t y .  The pulse  wave shape i n  t h e  

unobstructed v e s s e l  was e s s e n t i a l l y  s i n u s o i d a l  i n  a l l  ca ses .  

An enlarged vers ion  of a sphygmomanometer w a s  used t o  enable  

"blood pressure ' '  measurements t o  be taken by the  c l i n i c a l  auscul-  

t a t o r y  method of occluding the  a r t e r y .  P r e s s u r e  probes inserted 
i n t o  t h e  a r t e r y  were used t o  measure t h e  corresponding i n t r a -  

a r t e r i a l  p ressure  d i r e c t l y .  
The experimental  apparatus i s  shown schemat ica l ly  i n  Figure 9 .  

The apparatus  i s  a closed-loop system i n  which the  t e s t  f l u i d  i s  

f ed  from the  r e s e r v o i r  through t h e  c i r c u l a t i o n  pump t o  t h e  pres -  

su re  p u l s e  genera tor .  With the pulse  genera tor  ope ra t ing ,  p e r i o d i c  

p re s su re  pulses  a re  imparted t o  t h e  l i q u i d  which then d iv ides  i n t o  

two s e c t i o n s .  A p a r t  of t h e  pu l sa t ing  flow passes  i n t o  the  1-inch 

diameter s e c t i o n  containing the  s imulated a r t e r y ;  t h e  res t  t r a v e l s  

through t h e  bypass system. The t e s t  s e c t i o n  and bypass have inde- 

pendent r e t u r n  l i n e s  t o  t h e  r e se rvo i r  i n  o rde r  t o  avoid any mutual 
i n t e r a c t i o n  between t h e  t r ave l ing  waves of each branch. The major 

components of the  apparatus are discussed i n  d e t a i l  i n  t h e  follow- 

ing paragraphs.  

4.2 Simulated Artery 

The s imulated a r t e r i e s  used i n  t h e  p re sen t  t e s t s  had t h e  

following nominal dimensions: 

i n s i d e  diameter 1 inch 

wa l l  th ickness  1/16 inch or  1/8 inch 
n a t u r a l  l ength  120 inches 

i n s t a l l e d  length  141.5 inches 

Because of the  gene ra l  lack of information on e l a s t i c  p r o p e r t i e s  
of phys io log ica l  ma te r i a l s  ( p a r t i c u l a r l y  t h e  human b r a c h i a l  a r t e r y ) ,  

and s i n c e  one cannot s p e c i f y  the  e l a s t i c  cons tan ts  when buying 
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commerically a v a i l a b l e  rubber compounds it w a s  necessary t o  choose 

rubber tubing which could be purchased i n  t he  s i z e  and shape r equ i r ed  

f o r  t he  s imulated a r t e r y  and then measure the  e l a s t i c  p r o p e r t i e s  

of those ma te r i a l s .  Numerous e las tomer ic  ma te r i a l s  were i n v e s t i -  

ga ted  f o r  poss ib l e  u s e  t o  simulate a r t e r i e s .  Natural  gum rubber 

and l a t e x  w e r e  f i n a l l y  se l ec t ed  because of a v a i l a b i l i t y  i n  t h e  

diameter wa l l  t h i ckness ,  length and gene ra l  e l a s t i c  range r equ i r ed  

f o r  t h e  p re sen t  i n v e s t i g a t i o n .  These materials w e r e  chosen t o  f u l -  

f i l l  two b a s i c  requirements.  F i r s t  t he  s imulated a r t e r y  should 

model t h e  phys io logica l  a r t e r y  as f a r  as t h e  gene ra l  range of 
e l a s t i c  p r o p e r t i e s  and t h e  r a t i o  of wa l l  th ickness  t o  r ad ius  are 
concerned; and second, t h e  diameter and length  of t he  s imulated 

a r t e r y  a r e  governed by t h e  requirement of measuring i n t e r n a l  

s t a t i c  (o r  l a t e r a l )  and t o t a l  (or  s t a g n a t i o n )  p re s su res  a t  var ious  

p o s i t i o n s .  That i s ,  the  simulated a r t e r y  must  be (1) l a rge  enough 

so t h a t  the presence of the  pressure probes does not  apprec iab iy  

a l t e r  t h e  flow c h a r a c t e r i s t i c s  w i th in  t h e  ’ t u b e ,  and ( 2 )  l a rge  
enough t o  permit r a d i a l  pos i t ion ing  of t h e  probes a t  var ious  d i s -  

tances o f f  t h e  a x i s  of symmetry ( t o  determine r a d i a l  d i s t r i b u t i o n ) .  

Several  p recaut ions  were taken i n  order  t o  ob ta in  accu ra t e  

and reproducib le  da ta .  It was r equ i r ed  f i r s t  t h a t  t h e  rubber 

tubes be manufactured i n  such a manner a s  t o  produce t u b e s  of 

nea r ly  c i r c u l a r  c ros s  sec t ion  t o  provide nea r ly  symmetrical w a l l  

displacements during each pulse.  End e f f e c t s  were kept  t o  a 

m i n i m u m  by (1) having a long tes t  a r t e r y  (approximately 1 2  f e e t ) ,  

( 2 )  i n s t a l l i n g  10-foot lengths of 1-inch 1 . D ”  r i g i d  c l e a r  p l a s t i c  

tub ing  both  upstream and downstream of t h e  t es t  s e c t i o n ,  and ( 3 )  

t ape r ing  t h e  junc t ions  between the  r i g i d  and f l e x i b l e  tubing.  The 

rubber tubing w a s  maintained s t r a i g h t  and l e v e l  by p lac ing  it on 

a r i g i d  p l a s t i c  channel of semi-circular c ros s  s e c t i o n .  The channel 

diameter was s l i g h t l y  l a r g e r  than t h e  rubber t u b e  o u t e r  diameter 

so t h a t  t he  expansion of t h e  rubber t u b e  was not  r e s t r i c t e d  during 

a pu l se .  The channel d id  not  extend through the  pressure  chamber. 
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Two small  (1/8-inch diameter) ho les  w e r e  made i n  t he  underside 

of t h e  s imulated a r t e r y  s l i g h t l y  downstream of t h e  pressure  chamber. 

These ho le s  w e r e  used f o r  i n s e r t i n g  t h e  s t a t i c  and t o t a l  p ressure  

probes i n t o  the  f l e x i b l e  tube.  This i n s t a l l a t i o n  i s  shown i n  
Figure 10 and i s  discussed i n  Sect ions 5 and 6.  

4.3 Pressure P u l s e  Generator 

The pu l sa t ing  flow i n  t h e  s imulated a r t e r i a l  system i s  pro- 

duced by a posit ive-displacement p i s t o n  ac tua ted  by a v a r i a b l e -  
speed motor and i s  provided with an ad jus t ab le  throw t o  provide 

s i n u s o i d a l  pressure  o s c i l l a t i o n s  of v a r i a b l e  amplitude and frequency. 

The 4-inch I . D .  pu l se  generator cy l inde r  and p i s t o n  a r e  made 

of c l e a r  a c r y l i c  p l a s t i c  i n  order t o  permit v i s u a l  observat ion of 

t h e  f l u i d  motion and t o  reduce t h e  number of m e t a l l i c  p a r t s  which 

may produce and t ransmi t  extraneous noises .  I n  o rder  t o  avoid t h e  

scrap ing  noises  a s soc ia t ed  with p i s t o n  r i n g s ,  t h e  s e a l  b e t w e e n  t h e  

p i s t o n  and cy l inde r  wa l l  i s  obtained by using a Bellofram r o l l i n g  

diaphragm. This type of diaphragm r o l l s  i t s e l f  out  along t h e  

p i s t o n  and cy l inde r  wa l l  ( see  Fig.  11). 
A s i n u s o i d a l  p i s t o n  motion was produced by making t h e  connect- 

ing  rod be tween  the  p i s t o n  and t h e  r o t a t i n g  crank mechanism with 

a length  more than four  t i m e s  t h e  l a r g e s t  e c c e n t r i c i t y  of  t he  

crank mechanism (Ref. 2 0 ) .  The crank mechanism i s  ad jus t ab le  t o  
provide p i s t o n  s t r o k e s  from approximately 3/4 t o  3-1/2 inches ,  i n  
8 i n c r e m e n t s .  

A second rubber diaphragm w a s  i n s t a l l e d  across  t h e  downstream 

end of t h e  pump cy l inde r  t o  f o r m  a 20-inch long a i r  chamber b e t w e e n  
t h e  p i s t o n  and t h e  working f l u i d ,  as  shown i n  Figure 11. With t h i s  

arrangement,  it was p o s s i b l e  (by varying t h e  p re s su re  i n  t h e  a i r  

chamber) t o  produce s inuso ida l  p u l s e  waves of reasonable amplitude 
a t  t h e  t es t  s e c t i o n  with small volumetr ic  displacements.  

power from the  variable-speed motor t o  the  crank mechanism (see 

Fig.  1 2 ) .  This type of d r ive  tends t o  damp o u t  noise  and v ib ra -  

t i o n s  which might otherwise be t r ansmi t t ed  from the  motor t o  the  

A rubber t iming-bel t  drive system i s  used t o  t r ansmi t  t he  
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pump. The combination of t h e  d r ive  motor speed adjustment and one 

change of d r ive  pu l l eys  i s  s u f f i c i e n t  t o  vary t h e  pu l se  frequency 

from 0 . 2  t o  3 cyc les  per  second ( 1 2  t o  180 b e a t s  per  m i n u t e ) .  

4.4 P r e s s u r e  Chamber 

The design of t h e  pressure chamber used t o  occlude t h e  simu- 

l a t e d  a r t e r y  i s  based on t h e  f indings of Erlanger  (Ref. 2 1 ) ;  t h a t  

i s ,  t h e  volume of a i r  i n  t h e  chamber mus t  be above a c e r t a i n  

minimum value  r e l a t i v e  t o  the  s i z e  of t h e  a r t e r y ,  and the  membrane 

used i n  t h e  chamber t o  compress t h e  a r t e r y  mus t  be s u f f i c i e n t l y  

f l e x i b l e  t o  permit a p re s su re  pulse  t o  pass  through t h e  a r t e r y  a t  

appropr ia te  chamber p re s su res .  I n  a d d i t i o n ,  t h e  p re s su re  chamber 

mus t  no t  impose any a r t i f i c i a l  c o n s t r a i n t s  on t h e  a r t e r y  a t  t he  

ends of t he  chamber. 

An exploded view of t h e  pressure chamber i s  shown i n  Figure 13 

where only the  p a r t s  of t h e  l o w e r  s e c t i o n  of t he  chamber a re  i d e n -  

t i f i e d ,  s i n c e  t h e  upper and l o w e r  s e c t i o n s  a r e  i d e n t i c a l .  The 

t o p  and bottom p a r t s  of the  pressure chamber a r e  e s s e n t i a l l y  open 

hardwood boxes whose ou t s ide  dimensions a r e  18 by 1 2  by 2 inches .  

A rubber gasket  i s  embedded i n  each box w a l l  t o  s e a l  t h e  chamber. 

A t h i n  rubber me.nbrane covers t h e  opening of each box, and a 

p l a s t i c  frame 1-inch t h i c k  i s  placed over each membrane as  shown 

i n  t h e  f i g u r e .  The p l a s t i c  frames each have semi-circular  open- 

ings i n  t h e i r  oppos i te  ends  t o  permit t h e  a r t e r y  t o  pass  f r e e l y  

through t h e  pressure  chamber i n  such a way t h a t  t h e  chamber does 

not  e x e r t  any a r t i f i c i a l  "end e f f e c t s ' '  when t h e  a r t e r y  i s  sand- 

wiched between t h e  upper and lower ha lves  of t h e  chamber. This 

requirement was considered e s s e n t i a l  i n  o rde r  t o  avoid any ex t rane-  

ous e f fec ts  on the  Korotkoff sounds by l o c a l  c o n s t r a i n t s  on t h e  

a r t e r y .  When the  upper and l o w e r  s e c t i o n s  of t h e  p re s su re  chamber 

a r e  clamped t i g h t l y  toge the r ,  t h e  rubber gaske ts  ( " 0 "  r i n g s )  and 

t h e  membranes s e a l  t h e  upper and lower chambers be tween t h e  box 

and t h e  membrane. Thus, when compressed gas i s  f ed  i n t o  the  upper 

and l o w e r  chambers, t h e  membranes expand symmetrically onto t h e  

enclosed a r t e r y .  A s  t h e  pressure behind t h e  membranes i n c r e a s e s ,  
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the  membranes expand f u r t h e r  and f l a t t e n  t h e  a r t e r y  evenly u n t i l  

t h e  a r t e r y  i s  completely occluded. A n  aneroid-type p res su re  gage 

from a standaxd c l i n i c a l  sphygmomanometer i s  used t o  measure the  

chamber p re s su re .  

4 .5  Bypass System 

The bypass system simulates t h a t  p a r t  of t he  human c i r c u l a -  

t o r y  system which i s  not  c l o s e d  o f f  when the  sphygmomanometer 

occludes the  b r a c h i a l  a r t e r y  during auscu l t a to ry  measurements. 

The bypass i s  a 4-inch-diameter p l a s t i c  pipe which branches from 

the  main  system between the  pulse genera tor  and the  con t r ac t ion  

t o  t h e  t e s t  s e c t i o n .  I t  i s  scaled t o  t h e  s imulated a r t e r y  so  a s  

t o  match approximately the  r a t i o  of t h e  c ros s - sec t iona l  a r e a  of 

t h e  b r a c h i a l  a r t e r y  t o  t h a t  of t h e  a o r t a  c l o s e  t o  t h e  h e a r t ,  through 

which l a t t e r  v e s s e l  t h e  e n t i r e  ou tput  from t h e  h e a r t  i s  i n i t i a l l y  

t r anspor t ed ,  (This r a t i o  i s  about 16 t o  1 i n  human be ings . )  A 
valve  is  provided i n  t h e  bypass system t o  permit  c o n t r o l  of t h e  

f l o w  through t h e  bypass.  The f i r s t  s e v e r a l  f e e t  of t h e  bypass i s  
cons t ruc ted  of c l e a r  p l a s t i c  pipe t o  permit  observa t ion  of  t h e  

l o c a l  flow condi t ions  and t o  see whether a i r  bubbles a r e  p re sen t  

i n  t h e  system. The bypass flow i s  r e tu rned  d i r e c t l y  t o  t h e  

r e s e r v o i r  by a sepa ra t e  p ipe l ine  i n  order  t o  prevent  any feedback 

of flow o r  p re s su re  pulsa t ions  t o  t h e  t e s t  s e c t i o n .  

4 .6  Reservoir 

A 240 g a l l o n  capac i ty  r e se rvo i r  i s  used t o  provide an a d j u s t -  

ab le  mean p res su re  head of the t e s t  f l u i d .  O f  dimensions 4 by 4 

by 2 f e e t ,  it i s  cons t ruc ted  of plywood with an angle i r o n  frame 

and i s  l i n e d  wi th  galvanized s t e e l .  

The l a r g e  f r e e  su r face  area of t h e  r e s e r v o i r  allows t h e  pres -  

su re  pu l sa t ions  induced i n  t he  system by the  pu l se  genera tor  t o  
damp quick ly .  Also, t h e  v a r i a t i o n  of f l u i d  mass due t o  t h e  d i s -  

placement of t he  pu l se  p i s t o n  (which i s  approximately 4 inches i n  
diameter)  has no s i g n i f i c a n t  e f f e c t  on t h e  f l u i d  l e v e l  of t he  much 

l a r g e r  su r face  a r e a  i n  the  r e se rvo i r .  
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The r e s e r v o i r  can be r a i sed  approximately 13-1/2 f e e t  above 

the  f l o o r  l e v e l  by means of an e l e c t r i c a l l y  powered cable  h o i s t  

which i s  remotely operated from t h e  c o n t r o l  pane l  near t h e  t e s t  

s e c t i o n .  A n  e l e c t r i c a l  meter a t  t h e  c o n t r o l  pane l  provides  an 

approximate i n d i c a t i o n  of t he  r e s e r v o i r  he igh t .  By a d j u s t i n g  t h e  

r e s e r v o i r  h e i g h t ,  one can vary t h e  mean p res su re  i n  t h e  t e s t  sec-  

t i o n  from 0 t o  225 mm Hg. 

Two openings a r e  provided i n  t h e  bottom of t h e  r e s e r v o i r ,  

one  f o r  t h e  i n l e t  l i n e  t o  t he  pulse  gene ra to r  s e c t i o n ,  t h e  o the r  

f o r  t h e  t e s t  s e c t i o n  and bypass r e t u r n  l i n e s .  These l i n e s  a r e  

f l e x i b l e  2-inch-diameter gum rubber t u b e s  with i n t e r n a l  s t a i n l e s s  

s t e e l  c o i l s  t o  prevent  t h e  tubes from co l l aps ing  when t h e  reser- 
v o i r  i s  lowered. The t u b e s  c o i l  beneath the  r e s e r v o i r  when it i s  
lowered and unco i l  a s  t h e  r e se rvo i r  i s  r a i s e d .  The f l e x i b l e  t u b e s  
a r e  connected a t  t h e  f l o o r  l eve l  t o  p l a s t i c  p ipes  which l ead  t o  

t h e  i n l e t  and t'ne o u t l e t s  of the blood flow appara tus .  These 

i n l e t  and o u t l e t  l i n e s  a l l  have quick-closing va lves  near t he  

c o n t r o l  panel  so  t h a t  t h e  flow from t h e  r e s e r v o i r  can be stopped 

i n  t h e  event  of a break i n  the t e s t  s e c t i o n  a r e a .  

The r e s e r v o i r  i s  i n s t a l l e d  i n  a s e p a r a t e  enc losure  i n  an 

a rea  which a f f o r d s  h igher  overhead clearance than  does t h e  8-foot 

c e i l i n g  of  t h e  hemodynamics labora tory .  This c l o s e - f i t t i n g  

enc losure  a c t s  a s  a s h i e l d  t o  reduce temperature v a r i a t i o n s  and 

a l s o  p r o t e c t s  nearby personnel from t h e  remotely-control led h o i s t  

and i t s  load.  

4 .7  C i rcu la t ion  Pump 

A 50-gallon-per-minute c e n t r i f u g a l  pump i s  mounted i n  t h e  
i n l e t  l i n e  from t h e  r e s e r v o i r  t o  t h e  pu l se  gene ra to r  s e c t i o n  f o r  

t h e  purpose of providing a mean flow rate  i n  t h e  system when 

des i r ed .  A t h r o t t l i n g  va lve  i n  p a r a l l e l  wi th  t h e  pump i s  used t o  

c o n t r o l  t he  magnitude of t h e  mean flow r a t e .  With t h i s  arrange-  

ment ,  a maximum mean v e l o c i t y  of 10 f e e t  per  second can be obta ined  

i n  t h e  t e s t  s e c t i o n  with t h e  bypass f u l l y  open. The h igher  r a t e s  
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of c i r c i  l a t i o n  through the  system a re  a l s o  a ailable  f o r  d r iv ing  

t rapped a i r  bubbles t o  t h e  various a i r  t r a p s  i n  t h e  system. 

Severa l  small  valves  a re  located throughout the  apparatus  f o r  t h e  

purpose of bleeding o f f  the  trapped a i r .  

5 .  INSTRUMENTATION 

5 . 1  P r e s s u r e  Transducers 

A l l  p ressure  measurements of t h e  pu l sa t ing  flow wi th in  the  

s imulated a r t e r y  w e r e  obtained wi th  unbonded s t ra in-gage-type 

p res su re  t r ansduce r s ,  CEC model 4-312, with a range of 215 p s i d .  

The p res su re  measured by t h e  d i f f e r e n t i a l  t ransducer  i s  gage 

p res su re  s i n c e  one s i d e  of the t ransducer  was vented t o  t h e  atmos- 

phere.  The output  s i g n a l  from t h e  t ransducer  was f ed  i n t o  a 

CEC 7-339 galvanometer i n  t h e  CEC recording osc i l l og raph .  The 

e x c i t a t i o n  vo l t age  f o r  each d i f f e r e n t i a l  t ransducer  was suppl ied  

by a 6-vol t  b a t t e r y .  

The pressure  sens ing  s ide  of t he  t ransducer  was f i t t e d  t o  a 

P l e x i g l a s  r e s e r v o i r  which served t h r e e  purposes:  (1) t o  t r a n s m i t  
f l u i d  p re s su re  from pressure  probe t o  transducer,  ( 2 )  t o  a f f o r d  

p r o t e c t i o n  of t he  d e l i c a t e  diaphragm of t h e  t r ansduce r ,  and ( 3 )  

t o  permit  c o l l e c t i o n  and removal of e n t r a i n e d  a i r  from t h e  system. 

The clear c y l i n d r i c a l  r e se rvo i r  was made t o  c l o s e  to l e rance  f o r  

each t ransducer  used i n  t h e  t e s t  and, a f t e r  an a p p l i c a t i o n  of 

vacuum grease  on t h e  mating sur faces ,  was b o l t e d  in p lace  t o  pro- 

v ide  a leak-proof assembly (see Fig.  1 4 ) .  This r i g i d  assembly 

permits  each t ransducer  t o  measure the  f l u i d  p re s su re  f e l t  a t  each 

probe without  in t roducing  add i t iona l  e r r o r s .  A 1/8-inch b l eed  

hole  was provided on t o p  of the t ransducer  r e s e r v o i r ,  which 

f a c i l i t a t e d  t h e  removal of the a i r  bubbles c o l l e c t e d  wi th in  the  

p r e s s u r e  measurement system by pass ing  a mean flow through it .  
The remainder of t h e  probe-transducer assembly c o n s i s t s  of a 

t e f  l o n  valve and P l e x i g l a s  adapter The va lve  provides  p r o t e c t i o n  

f o r  t h e  t ransducer ,  p a r t i c u l a r l y  during the  t i m e s  when sudden 

t r a n s i e n t  p re s su re  pu l ses  m i g h t  e x i s t  w i th in  t h e  s imulated a r t e r y .  



-27- 

Also, during t h e  t ransducer  c a l i b r a t i o n  phase,  e t  becomes necessary 

t o  ven t  t h e  chamber t o  t h e  atmosphere t o  o b t a i n  a datum p res su re ,  

namely atmospheric pressure .  The P lex ig l a s  adapter  permits  a 

lead-proof union of t h e  probe and valve.  

5.2 P r e s s u r e  Probes 

Two pressure  probes were mounted wi th in  the  s imulated a r t e r y .  

The probes w e r e  i n s t a l l e d  seve ra l  inches downstream from t h e  pres -  

s u r e  chamber and en te red  t h e  f l e x i b l e  t u b e  from the  bottom. They 

w e r e  s o  o r i e n t e d  t h a t  t h e i r  longi tudina l  a x i s  was approximately 

co inc ident  with the  c e n t e r l i n e  of t he  t u b e ,  s i n c e  e a r l i e r  measure- 

men t s  (Ref. 1) ind ica t ed  no r a d i a l  p ressure  v a r i a t i o n  across  the  

tube.  Figure 15 shows a sec t ion  view of t h i s  arrangement and t h e  

r e l a t i v e  loca t ions  of t h e  important components. 

The two probes w e r e  designed t o  measure t o t a l  ( s t agna t ion )  

and s t a t i c  ( l a t e r a l )  p ressures  wi th in  t h e  f l u i d .  Both pressure  

probes used i n  t h e  experiments w e r e  made of 1/16-inch O.D.  b r a s s  

tub ing  with a w a l l  th ickness  of about 0 .01 inch.  For the  t o t a l  
p re s su re  probe, t he  end of t h e  b r a s s  tube was c u t  normal t o  the  

a x i s  and c a r e f u l l y  smoothed square and f r e e  of b u r r s .  For t h e  

s t a t i c  probe, the open end of the tube was s e a l e d  wi th  s i l v e r  

s o l d e r  and rounded, and four  small  ho les  (0.025-in. diameter) were 

d r i l l e d  symmetrically around the circumference 0.25 inch  from 
t h e  probe t i p .  The s t a t i c  and t o t a l  probes w e r e  designed so t h a t  

t h e  d i s t ance  from the  pressure hole  t o  t h e  probe support  was t h e  

same i n  each case (1.75 i n , ) .  

5.3 Timing Photoce l l  

The frequency of t h e  piston-type pulse  genera tor  was monitored 

with a cadmium-type pho toce l l ,  C la r i ex  505L, whose output  was f e d  

i n t o  a recording osc i l l og raph .  The pho toce l l  was e x c i t e d  by a 

l i g h t  beam which was p e r i o d i c a l l y  i n t e r r u p t e d  by t h e  p i s t o n .  

The r e s u l t i n g  t ime-reference b l i p  was recorded simultaneously 

wi th  t h e  o the r  da t a .  
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5.4 Ohmmeter Setup f o r  S t a t i c  Tube Ca l ib ra t ion  

I n  order  t o  determine the e l a s t i c  p r o p e r t i e s  of t he  f l e x i b l e  

t u b e  used t o  r ep resen t  t h e  a r t e r y  i n  each case ,  measurements w e r e  

made of the  change i n  o u t e r  tube r ad ius  with each change i n  i n t e r -  
n a l  s t a t i c  p re s su re .  

t h e  r e s e r v o i r  and measuring the t u b e  diameter ,  

A r e l a t i v e l y  simple technique was devised which made it p o s s i b l e  
t o  avoid any f l a t t e n i n g  of the t u b e  by t h e  measurement i n s t r u m e n t .  

The ske tch  below shows the  physical  arrangement employed i n  t h i s  

technique,  and the  procedure was as  fol lows:  
(1) One l ead  from an ohmmeter w a s  connected t o  a f i n e  w i r e  

This was done i n  p lace  by r a i s i n g  and lowering 

of known diameter which was glued onto the  t o p  of t h e  f l e x i b l e  t u b e .  

he igh t  gage which was placed as  shown i n  t h e  ske tch .  

( 2 )  The second lead  from t h e  meter was a t t ached  t o  a v e r n i e r  

V e  r n i e rJ 
h e i g h t  

S imu l a t e  d 
a r t e r y  

wire 

Rigid support  
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( 3 )  The arm of t h e  he ight  gage was lowered u n t i l  it touched 

the  wi re ,  thereby completing the e l e c t r i c a l  c i r c u i t ,  which causes 

an ohmmeter needle d e f l e c t i o n .  The gage reading then g ives  t h e  

t o t a l  of the  tube diameter plus  t h e  w i r e  t h i ckness ,  

5 .5  Aneroid Manometer 

The p res su re  i n  the  pressure chamber r ep resen t ing  t h e  cuff  

of t h e  sphygmomanometer w a s  monitored with a s tandard  medical 

Tycos Aneroid Manometer. 

5 .6  Stethoscope 

The s te thoscope  employed f o r  t h e  purpose of monitoring the  

Korotkoff sounds during auscul ta tory  tes t s  was a Littman Stetho-  

scope made by t h e  Cardiosonics Company. The s te thoscope  was he ld  

i n  one p l ace  on t o p  of t h e  simulated a r t e r y  by an ord inary  rubber 

band ( see  F i g .  10 )  and was pressed down on the  a r t e r y  by hand a s  

r equ i r ed  during a u s c u l t a t i o n .  

5 .7  Viscometer, Thermometer, and Hydrometer 

The v i s c o s i t y  of the  f l u i d  i n  t h e  s imulated a r t e r y  was d e t e r -  

mined wi th  an ASTM-300, O s t w a l d  type ,  viscometer .  The viscometer 

was c a l i b r a t e d  with a s e t  of standard viscometer c a l i b r a t i o n  

f l u i d s  suppl ied  by t h e  Cannon Company and was used t o  a s c e r t a i n  

t h e  s p e c i f i c  v i s c o s i t y  of each sample of f l u i d  drawn from t h e  t e s t  
s e c t i o n .  

p laced  i n  t he  t e s t  f l u i d  and used t o  monitor t h e  f l u i d  temperatuje  

throughout t h e  experiments and the  v i s c o s i t y  measurements. An  

ASTM 1000-1220 hydrometer served t o  measure t h e  var ious  s p e c i f i c  

g r a v i t i e s  of t h e  t e s t  f l u i d s .  

A 20° t o  88O F ( ~ 0 . 2 ~  F )  p r e c i s i o n  thermometer was 

6 .  CALIBRATION O F  TRANSDUCERS, PROBES, AND TUBES 

6 . 1  Pressure  Transducer Cal ibra t idn  

I n i t i a l l y ,  t he  pressure  t ransducers  were c a l i b r a t e d  s t a t i c a l l y  

a g a i n s t  a column of mercury over t h e  e n t i r e  working range of each 

t r ansduce r ,  and a l l  t ransducers  e x h i b i t e d  a l i n e a r  pressure-displacement 
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(displacement on the  recorder  t r a c e )  r e l a t i o n s h i p  and were found 

t o  be accu ra t e  wi th in  the  4 1 percent s p e c i f i e d  by the  manufacturer.  

Since the  l i n e a r i t y  of each pressure t ransducer  was v e r i f i e d ,  a l l  

subsequent c a l i b r a t i o n s  were performed with the  probes i n  p l ace ,  

varying t h e  mean pressure  by r a i s ing  and lowering the  r e s e r v o i r .  

The s t a t i c  pressure  w a s  determined by measuring t h e  he igh t  t h a t  

a column of f l u i d  rose  above the probes i n  a 1/4-inch g l a s s  t ube .  

The open t u b e  was connected t o  the  t e s t  s e c t i o n  by a valve and 

extended v e r t i c a l l y  upwards. The he igh t  of t h e  l i q u i d  l e v e l  was 

measured a f t e r  opening t h e  valve and allowing t h e  t r a n s i e n t  

o s c i l l a t i o n s  of t h e  f l u i d  i n  the column t o  damp completely.  

6 .2  C a l i b r a t i o n  of Probes 
Because of poss ib l e  probe e r r o r s  due t o  t h e  o s c i l l a t o r y  flow 

and t h e  extremely low Reynolds numbers of t h e  p r e s e n t  experiments,  

t h e  t o t a l  and s t a t i c  pressure  probes were c a l i b r a t e d  by r o t a t i n g  
each probe i n  an  annular tank f i l l e d  wi th  the  t e s t  f l u i d .  The 

submerged probe i s  r o t a t e d  a t  a cons t an t  depth with i t s  ax i s  

normal t o  t h e  a x i s  of r o t a t i o n ,  as shown i n  Figure 16. A range of 

v e l o c i t i e s  and acce le ra t ions  i s  ob ta ined  by a simple pu l l ey  and 

weight arrangement. The ind ica ted  p res su re  readings a r e  measured 
by t h e  p re s su re  t ransducer  and  t h e  v e l o c i t y  and a c c e l e r a t i o n  of 

the  probe determined by means of a pho toce l l  arrangement a s  shown 

i n  t he  f i g u r e .  

It c a n  be shown t h a t ,  f o r  a t o t a l  p ressure  probe moving i n  a 

c i r c u l a r  pa th ,  t h e  pressure  measured by a t ransducer  l oca t ed  a t  

t h e  center of r o t a t i o n  i s  simply t h e  p re s su re  c o r r e c t i o n  of t he  

probe (see Ref. 1). The s t a t i c  probe a n a l y s i s  i s  not  q u i t e  a s  

d i r e c t ,  b u t  t h e  co r rec t ion  f ac to r s  can e a s i l y  be eva lua ted  using 

t h e  a n a l y s i s  presented i n  Reference 1. The r e s u l t s  of t h i s  C a l i -  

b r a t i o n  ind ica t ed  a maximum e r r o r  of 2 1 mm Hg f o r  e i t h e r  probe 

experiencing both  forward and reverse flow i n  t he  range of Reynolds 

numbers and a c c e l e r a t i o n s  covered by the  p re sen t  t e s t s .  
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S i n c e  t he  f l u i d  t o t a l  and s t a t i c  pressure  measurements i n  t he  

t e s t  a r t e r y  were a c t u a l l y  taken a t  loca t ions  14 and 1 9 - 2 5  inches 

( r e s p e c t i v e l y )  downstream from t h e  cen te r  of t h e  pressure  chamber, 

t he  p re s su re  amplitude changes over t h e s e  d i s t ances  were checked 

experimental ly  over the  frequency range of t he  p re sen t  t e s t s .  The 

p resen t  tests do not requi re  a knowledge of t he  phase l ag  caused 

by t h e  displacement of t he  probes,  b u t  only of t h e  mean p res su re  

l e v e l  and the  amplitude of the pressure  pu l ses .  The s t a t i c  probe 

measurements a t  t h e  downstream p o s i t i o n  were found t o  be wi th in  

- + 2 percent  of those a t  t h e  center  of t he  chamber, whereas t h e  

downstream t o t a l  probe was accurate  wi th in  2 5 percent .  

6 . 3  S t a t i c  Tube Cal ibra t ion  
Each t u b e  used as the  test  a r t e r y  was c a l i b r a t e d  s t a t i c a l l y  

f o r  e l a s t i c  p r o p e r t i e s  by determining t h e  ou t s ide  tube  diameter a s  
a func t ion  of i n t e r n a l  pressure.  B u t  s i n c e  f l a t t e n i n g  of t h e  t u b e  

may occur a t  reduced i n t e r n a l  p r e s s u r e s ,  t h e  necessary measurements 

w e r e  made by two methods. The f i r s t  method was t h e  ohmmeter tech-  

n i q u e  discussed i n  Sect ion 5 . 4  whereby the  t u b e ' s  v e r t i c a l  diameter 

i s  determined from t h e  micrometer readings ,  and t h e  second method 

was a simple measurement of the tube ou te r  circumference with a 
t h i n ,  t a u t  p iece  of paper wrapped around i t .  Both measurements 

w e r e  performed simultaneously a t  var ious  s t a t i c  p res su res ,  and 

t h e  tube diameter c a l c u l a t e d .  Figure 17 shows a p l o t  of the  

r e s u l t s  of  both techniques and it can be seen t h a t  t h e  two measure- 

ments agree wi th in  t h e  experimental  s c a t t e r ,  i n d i c a t i n g  t h a t  t h e  

f l a t t e n i n g  of t h e  tube is negl ig ib le  f o r  t h e  ma te r i a l s  and w a l l  

th icknesses  t e s t e d .  

7 .  TESTS WITH NEWTONIAN FLUIDS 

As poin ted  o u t  ear l ie r ,  the  i n i t i a l  experiments w e r e  per-  

formed using a Newtonian f l u i d  c o n s i s t i n g  of var ious  concent ra t ions  

of water and g l y c e r o l .  This was done i n  order  t o  i s o l a t e  t h e  

i n f l u e n c e  of t he  f l u i d  v i s c o s i t y .  B u t  s i n c e  whole blood i s  a 
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complex, non-Newtonian f l u i d  (see Sec t ion  3 . 2 )  whose p r o p e r t i e s  

might a f f e c t  t h e  auscu l t a to ry  pressure  readings ,  l a t e r  tes ts  were 

performed using f r e s h  steer blood, and those t es t s  w i l l  be d i s -  

cussed i n  Sect ion 8. 

7 . 1  Tes t  Procedure 

The p resen t  experiments involve s e t t i n g  up s e v e r a l  b a s i c  

parameters a t  t he  s t a r t  of each r u n  and holding t h e s e  parameters 

f ixed  during the  t e s t  while the blood p res su res  ( s y s t o l i c  and 

d i a s t o l i c  p r e s s u r e s )  a r e  measured by auscu l t a t ion  and while t h e  

ins tan taneous  f l u i d  pressures  i n  the p u l s a t i n g  flow a r e  recorded. 

Severa l  of these  f i x e d  parameters were measured j u s t  before  t h e  

a c t u a l  t es t s .  These included t h e  phys ica l  and e l a s t i c  p r o p e r t i e s  

of t h e  s imulated a r t e r y  and the phys ica l  p r o p e r t i e s  of t he  f l u i d  

i n  t h e  a r t e r y .  The d e t a i l s  of t h e  t e s t  procedure a r e  o u t l i n e d  

below: 

(1) The s imulated a r t e r y  i s  i n s t a l l e d  on t h e  apparatus  with 

care t o  avoid any tw i s t ing  of t he  tube .  

( 2 )  The pressure  chamber i s  asserribled around t h e  s imulated 

a r t e r y ,  and the  leads from the anero id  pressure  gage and t h e  

compressed a i r  b o t t l e  a r e  connected t o  t h e  pressure  chamber. 

( 3 )  The t o t a l  and s t a t i c  p re s su re  probes a r e  i n s t a l l e d  i n  
t he  a r t e r y  j u s t  downstream of t h e  p re s su re  chamber. 

( 4 )  The temperature of the t e s t  f l u i d  i s  measured and 

recorded. 

( 5 )  The s p e c i f i c  g rav i ty  of t he  t e s t  f l u i d  i s  measured and 

recorded. 

( 6 )  The v i s c o s i t y  of the t e s t  f l u i d  is  measured and recorded. 

( 7 )  The r e s e r v o i r  i s  r a i sed  above the  l o n g i t u d i n a l  a x i s  of 
t he  t e s t  " a r t e r y "  about 3 f e e t  and the  l i q u i d  i s  allowed t o  f i l l  

t he  experimental  apparatus .  The water pump i n  t he  feed  l i n e  from 

the  r e s e r v o i r  i s  turned on (during t h i s  phase only)  t o  e s t a b l i s h  

a mean flow and thus t r anspor t  t h e  a i r  bubbles t o  t h e  a i r  t r a p s  

f o r  subsequent removal from the system. 
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(8) The power f o r  t he  recording osc i l l og raph  i s  turned on. 

The pressure  t ransducers  a re  connected t o  t h e  6-vol t  (d.c.1 supply 

and  t h e  t iming pho toce l l  i s  connected t o  t h e  1.5-vol t  (d .c . )  

supply.  
(9)  The b leed  hole  screw i n  each of t h e  c l e a r  p l a s t i c  t r a n s -  

ducer adap te r s  i s  removed and each of t he  pressure-probe-transducer- 

adapter  systems is  b l e d  a s  a u n i t  u n t i l  a l l  t h e  entrapped a i r  i s  

removed. The va lves  provided i n  t h e  pressure  l i n e s  connecting 

t h e  probes t o  t h e  t ransducer  adapters a r e  c losed .  A record  of 

ou tputs  of  t h e  t ransducers  is  made, and t h i s  corresponds t o  atmos- 

phe r i c  p re s su re .  Now, t h e  valves i n  t he  p re s su re  l i n e s  connecting 

t h e  probes t o  t h e  t ransducer  adapters a r e  opened and t h e  b l eed  

screws pu t  i n  p lace .  
(10)  The t ransducers  f o r  the pressure  probes a r e  c a l i b r a t e d  

i n  p l ace  a t  s e v e r a l  r e s e r v o i r  he ights .  
(11) During Se tp  ( l o ) ,  the ou t s ide  circumference and the  

v e r t i c a l  ou t s ide  diameter of the a r t e r y  a r e  a l s o  measured f o r  

s e v e r a l  i n t e r n a l  p re s su res  ( i . e . ,  s e v e r a l  r e s e r v o i r  l e v e l s ) .  

( 1 2 )  The r e s e r v o i r  he igh t  is  ad jus ted  t o  y i e l d  t h e  s e l e c t e d  

mean p res su re  l e v e l  f o r  t h e  t e s t s .  This p re s su re  i s  e a s i l y  moni- 

t o red  by observing the  t ransducer  outputs  on the  osc i l l og raph .  

Once t h e  r e s e r v o i r  he igh t  i s  f ixed ,  a record of t h e  p re s su re  out -  

pu ts  from t h e  t ransducers  i s  made. 

(13) The frequency and t h e  s t r o k e  of t h e  p i s t o n  i n  t h e  pulse  

genera tor  a re  s e l e c t e d .  The a i r  p ressure  i n  the  chamber between 

t h e  4-inch-diameter diaphragm and t h e  p i s t o n  ( see  Sec t ion  4 .3 )  is 
ad jus t ed  i n  such a way t h a t  the pu l se  wave a t  t h e  t e s t  s e c t i o n  

remains e s s e n t i a l l y  s inuso ida l  a t  a l l  f requencies .  This gene ra l ly  

r e q u i r e s  t h a t  t h e  diaphragm n o t  be permi t ted  t o  buckle during any 

p a r t  of t he  cyc le .  

(14) with the  pulse  generator  ope ra t ing ,  t h e  p re s su re  chamber 

i s  p res su r i zed  and the  s y s t o l i c  and d i a s t o l i c  p re s su res  determined 

by the  a u s c u l t a t o r y  technique. These measurements are made inde -  

pendent ly  by two observers ,  and t h e  readings recorded on t h e  d a t a  

s h e e t .  
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(15) With t h e  pressure  chamber vented t o  atmospheric pres -  

s u r e  ( i . e . ,  no c o n s t r i c t i o n  of t he  t e s t  a r t e r y ) ,  t h e  o s c i l l a t o r y  

pressure  outputs  from the transducers a r e  recorded along wi th  the  

t iming marks on t h e  osc i l lograph .  

Completion of t hese  various s t eps  c o n s t i t u t e s  t h e  i n i t i a l  

t e s t  r u n  of the  day, and f o r  a subsequent r u n  wi th  a d i f f e r e n t  

t e s t  condi t ion  ( f o r  t h e  same simulated a r t e r y )  

t o  (15)  have t o  be repeated.  Steps ( 4 )  t o  ( 6 )  

t i m e s  during t h e  day. The s ing i f i cance  of t h e  

cedure o u t l i n e d  above a r e  as  follows: 

(1) Steps (1) t o  ( 3 )  a r e  i n s t a l l a t i o n  of 

var ious  instruments .  

only Steps ( 1 2 )  

a r e  repea ted  s e v e r a l  

s t e p s  i n  t h e  pro- 

t h e  " a r t e r y "  and 

(2) Steps (4 )  t o  (6)  give the  phys ica l  p r o p e r t i e s  of t h e  

t e s t  l i q u i d .  

( 3 )  Steps  ( 7 )  and (8) br ing t h e  t e s t  apparatus  t o  operable  

condi t ion .  

( 4 )  Steps ( 9 )  and (10)  c a l i b r a t e  t he  t ransducers .  

( 5 )  Step (11) y i e l d s  t h e  e l a s t i c  p r o p e r t i e s  of t h e  simulated 

a r t e r y .  

(6)  Steps ( 1 2 )  t o  (15)  s e t  t h e  t e s t  condi t ions  and y i e l d  

the  experimental  da ta .  

7 .2  Data Reduction and Accuracy 

A l l  of t h e  experimental  data  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  

were reduced using t h e  Vidya IBM 1620 computer, and the  reduced 

d a t a  are presented e i t h e r  d i r e c t l y  i n  terms of p re s su res  (mm Hg) 

o r  i n  t h e  form of pressure  r a t i o s .  A l l  of  t h e  independent v a r i a b l e s  

r equ i r ed  f o r  t he  d a t a  reduct ion,  namely o, v ,  p,  and T were 

measured d i r e c t l y  a s  descr ibed i n  Sect ion 7 . 1  

Since t h e  p re sen t  experiments involve o s c i l l a t o r y  flows of a 

v i scous  f l u i d  over t he  pressure probes,  the  e f f e c t s  of v i s c o s i t y  
and a c c e l e r a t i o n  on t h e  probe accuracy had t o  be determined by 

means of a c a l i b r a t i o n  tank,  as explained i n  Sec t ion  6 . 2 .  How- 

eve r ,  t h e  uncorrected pressures  were found t o  be wi th in  + 1 mm Hg 
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of t h e  a c t u a l  p re s su res  and are t h e r e f o r e  w e l l  w i th in  t h e  accuracy 

with which determinat ion of the blood p res su res  could be made by 

the  a u s c u l t a t o r y  technique. 

Radia l  p re s su re  t r a v e r s e s  made over a wide range of t e s t  
condi t ions  ind ica t ed  t h a t  t h e  pressure output  ( e i t h e r  t o t a l  o r  

s t a t i c )  a t  any given t i m e  of t h e  cyc le  was t h e  same f o r  a l l  

r a d i a l  l o c a t i o n s  wi th in  the  accuracy of t h e  p re s su re  t r ansduce r s .  

This does not  imply a f l a t  ve loc i ty  p r o f i l e ,  b u t  r a t h e r  t h a t  t h e  

v a r i a t i o n  of dynamic p res su re  across  t h e  tube i s  neg l igb le  compared 

with t h e  s t a t i c  p re s su re  l e v e l  w i t h i n  t h e  t u b e  (see R e f .  1). 

The i n t r a - a r t e r i a l  pressure measurements were a c t u a l l y  made 

downstream from t h e  p re s su re  chamber ( see  Fig.  15  f o r  exac t  loca- 

t i o n s ) .  However, t h e  mean pressure l e v e l  measured a t  t h a t  loca- 

t i o n  w a s  found t o  be i d e n t i c a l  with t h a t  a t  t h e  center of t he  

chamber, and t h e  amplitude of the  pressure  pu l se  f o r  t he  s t a t i c  

( l a t e r a l )  p re s su re  probe was found t o  be w i t h i n  2 2 pe rcen t  of t h e  

corresponding p res su re  o s c i l l a t i o n  a t  t he  c e n t e r  of t h e  p re s su re  

chamber. The amplitude f o r  the t o t a l  ( s t a g n a t i o n )  of t he  pres -  

s u r e  o s c i l l a t i o n  wi th in  _f_ 5 percent of t h a t  a t  t h e  c e n t e r  of t h e  

p r e s s u r e  chamber. Therefore ,  the  s t a t i c  ( l a t e r a l )  probe da ta  

w e r e  used e x c l u s i v e l y ,  and no co r rec t ion  w a s  app l i ed .  

The c r o s s - s e c t i o n a l  a r e a  of t h e  p re s su re  probes never 

exceeded 0.5 percent  of t h e  i n t e r n a l  c ros s - sec t iona l  a r e a  of t h e  

s imula ted  a r t e r y .  Hence, no  blockage c o r r e c t i o n  i s  made t o  account 

f o r  t h e  presence of t h e  pressure probe i n  t h e  flow. 

Both t h e  p re s su re  t ransducers  and the  anero id  manometer used 

wi th  t h e  p re s su re  chamber were c a l i b r a t e d  a g a i n s t  a known column 

of mercury. The t r ansduce r s  were found t o  be accura t e  wi th in  t h e  

- + 1 percen t  s p e c i f i e d  by t h e  manufacturer,  and t h e  anero id  was 

c o r r e c t  w i th in  2 mm Hg a t  a f u l l - s c a l e  d e f l e c t i o n  of 300 mm Hg. 

The p res su re  r equ i r ed  i n  the  empty p res su re  chamber t o  b r i n g  

t h e  two rubber diaphragms i n t o  c o n t a c t  with one another  was 

measured and found t o  be l e s s  than 2 mm Hg. 



-36-  

I n  summary, no cor rec t ions  were appl ied  t o  any of t he  measure- 

ments made he re in .  A l l  probe p r e s s u r e  measurements a r e  accu ra t e  
wi th in  - + 1 mm Hg, and the  auscul ta tory  readings a r e  accu ra t e  wi th in  

5 mm Hg a s  customary i n  medical p r a c t i c e .  

I n  t he  auscu l t a to ry  technique u s e d  i n  ob ta in ing  the  s y s t o l i c  

and d i a s t o l i c  pressure  readings,  t h e  audi tory  a c u i t y  of t h e  i n d i -  

v idua l  observer becomes an important f a c t o r .  For t h i s  reason ,  t h e  

ind iv idua l  observers  f o r  t h e  present  experiments were t r a i n e d  by 

Vidya 's  medical consu l t an t ,  D r .  B r u n s 4 ,  i n  recognizing and d i s -  

t i nqu i sh ing  the  var ious phases of t he  Korotkoff sounds f o r  d e t e r -  

mining t h e  s y s t o l i c  and d i a s t o l i c  p re s su res .  These readings were 

made independently by a t  least  two observers  whose readings agreed 

wi th in  5 mm Hg i n  a l l  ca ses ,  and the  disappearance of sounds ( t h e  
f i f t h  phase) was used throughout a s  a n  i n d i c a t i o n  of d i a s t o l i c  

p re s su re .  

7 . 3  Experimental  R e s u l t s  and Discussion 

A l l  of t h e  experiments described he re in  were performed wi th  

a s i n u s o i d a l  p u l s e  wave i n  the unobstructed a r t e r y  ( i . e . ,  before  

a u s c u l t a t i o n ) .  

s i n u s o i d a l  i n  a l l  ca ses ,  although t h e  pu l se  wave may be  d i s t o r t e d  

i n  producing t h e  Korotkoff sounds  during p a r t i a l  occ lus ion .  A l s o ,  

s i n c e  t h e  mean flow r a t e  i n  the b r a c h i a l  a r t e r y  i s  be l ieved  t o  be 

small  compared with t h e  o s c i l l a t o r y  component, a l l  t e s t s  w e r e  

performed with zero mean f l o w  r a t e  i n  t h e  system. That i s ,  t h e  

c i r c u l a t i o n  pump was o f f  during a l l  r u n s ,  and t h e  pu l sa t ing  flow 

i s  t h a t  produced by t h e  pressure pu l se  genera tor  alone (see Fig.  9 ) .  

A few prel iminary check r u n s  ind ica ted  t h a t  t h e  e f f e c t  of a mean 

flow r a t e  on t h e  experimental  r e s u l t s  discussed he re in  is  n e g l i -  

gible,  provided t h a t  t he  i n t r a - a r t e r i a l  o s c i l l a t o r y  p re s su res  a r e  

That i s ,  t h e  input wave t o  t h e  system i s  e s s e n t i a l l y  

4 D r .  B runs  is  a cardiovascular  s p e c i a l i s t  and is  Associate  C l i n i c a l  
Professor  of Medicine a t  the Univers i ty  of C a l i f o r n i a  Medical 
School i n  San Francisco. 
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taken a s  those measured by the  s t a t i c  ( l a t e r a l )  p ressure  probe. 

This was done i n  a l l  ca ses .  

The d a t a  obtained during the p re sen t  i n v e s t i g a t i o n  a r e  sum- 

marized f o r  a l l  t e s t  condi t ions i n  Table 11. Runs i n  which the  

Korotkoff sounds were d i f f i c u l t  t o  h e a r ,  o r  i n  which agreement on 

the  s y s t o l i c  and d i a s t o l i c  pressure readings could not  be reached 

between t h e  two observers  within an accuracy of 5 mm Hg, have b e e n  

e l imina ted .  Likewise, runs i n  which the  pulse  wave shape was 

c l e a r l y  nonsinusoidal i n  the unobstructed a r t e r y  have a l s o  been  
e l imina ted .  A l l  auscu l t a to ry  readings appearing i n  Table I1 were 

obtained by averaging t h e  ind iv idua l  readings of t h e  two observers .  

The tes ts  covered a range of f requencies  from about 1/3 cyc le  

pe r  second ( 2 0  b e a t s  per  minu te )  t o  about 2.5 cyc les  pe r  second 

(150 b e a t s  per  minute) .  The mean p res su re  l e v e l s  ranged from 

about 100 t o  150 mm Hg and the  f l u i d  v i s c o s i t y  from t h a t  of water 

t o  about 1 2  t i m e s  t h a t  value.  I n  a d d i t i o n ,  t h r e e  s imulated 

a r t e r i e s  were t e s t e d .  

During the  p re sen t  experimental  i n v e s t i g a t i o n ,  it was not iced  

t h a t  t h e  o s c i l l a t o r y  wa l l  displacements j u s t  proximal t o  ( i . e . ,  

upstream o f )  t he  pressure  chamber become amplif ied during occ lus ion ,  

i n d i c a t i n g  an ampl i f ica t ion  of t h e  oncoming pressure  wave. This 

f ind ing  r a i s e s  t h e  quest ion of whether t h e  process  of occluding 

t h e  a r t e r y  i n  t he  simulated system a c t u a l l y  changes t h e  pulse  wave 

put  i n t o  the system by the  pressure  pulse  genera tor .  Therefore,  

t he  p re s su re  i n  the  4-inch sec t ion  j u s t  proximal t o  t h e  b i f u r c a t i o n  

was monitored with a pressure  t ransducer ,  and it w a s  found t h a t  

t he  inpu t  wave was a l t e r e d  considerably a t  low f requencies .  The 

va lues  of amplitude r a t i o  produced a t  t h e  pump by occ lus ion  of t h e  

s imulated a r t e r y  a r e  l i s t e d  i n  Table I1 and a r e  p l o t t e d  i n  Figure 18 

as  a func t ion  of frequency. I n  t h e  human c i r c u l a t o r y  system being 

s imula ted ,  a r a t i o  much d i f f e r e n t  from u n i t y  would mean t h a t  apply- 

ing t h e  sphygmomanometer t o  the b r a c h i a l  a r t e r y  produces a s i z e a b l e  

change i n  the pressure  wave put o u t  by t h e  h e a r t .  Such an e f f e c t  

seems un l ike ly  and, moreover, would tend t o  obscure t h e  r e s u l t s  of 
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t h e  p re sen t  i n v e s t i g a t i o n ,  which i s  intended t o  compare t h e  i n d i r e c t  

and d i r e c t  p ressure  measurements f o r  a cons tan t  i npu t  t o  t h e  system. 

Therefore,  although a l l  of t he  d a t a  a r e  included i n  Table 11, r u n s  
f o r  which the  amplitude r a t i o  Ao/Ac d i f f e r e d  from u n i t y  by more 

than 5 percent  have been omitted from the  p l o t t e d  r e s u l t s .  It  i s  

worth not ing t h a t  t h e  amplitude r a t i o  remained e s s e n t i a l l y  equal  

t o  u n i t y  f o r  f requencies  above about 1 cycle  per  second, a s  s e e n  
i n  Figure 18. 

Inasmuch a s  the  auscul ta tory  s y s t o l i c  and d i a s t o l i c  pressure  

readings a r e  commonly thought t o  be i n d i c a t i v e  of t h e  maximum and 

minimum of t h e  corresponding o s c i l l a t o r y  i n t r a - a r t e r i a l  p re s su res  

i n  t h e  unobstructed a r t e r y ,  the r e s u l t s  of the  p r e s e n t  experiments 

a r e  presented  i n  t he  form of 

PS versus Pmax 

and 

'min pd versus 

where Pmax and Pmln a r e  the maximum and m i n i m u m  o s c i l l a t o r y  

s t a t i c  ( l a t e r a l )  p re s su res  which e x i s t e d  i n s i d e  t h e  t e s t  a r t e r y  

before  t h e  pressure  chamber was a c t i v a t e d  f o r  a u s c u l t a t i o n .  

Experimental  da ta  have been taken over a wide range of pu l se  
r a t e s  and mean p res su res ,  u s i n g  var ious  concent ra t ions  of g l y c e r o l  

and water as  t h e  working f l u i d .  The corresponding v a r i a t i o n  of  

pu l se  amplitude with frequency f o r  a f ixed  p i s t o n  s t r o k e  i s  shown 

i n  Figure 19. 
The experimental  r e s u l t s  a r e  presented  i n  Figures  20  t o  22  

I t  can be Pmin and pd versus  Pmax i n  t h e  form ps versus  

S e e n  from Figures 20 t o  22  t h a t  t h e  auscu l t a to ry  s y s t o l i c  p re s su re  

reading gene ra l ly  exceeds the  maximum o s c i l l a t o r y  i n t r a - a r t e r i a l  

by nea r ly  a constant pressure  f o r  each s imulated p res  s u r e  
a r t e r y ,  independent of frequency, v i s c o s i t y ,  o r  mean p res su re  

l e v e l .  Furthermore, s ince  there  was a s i z e a b l e  v a r i a t i o n  i n  

Pmax 
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amplitude wi th  frequency ( f o r  a f i x e d  p i s t o n  s t r o k e ) ,  a s  shown i n  
Figure 19, t he  d i f f e rence  between 

r e l a t i v e l y  independent of amplitude a s  w e l l .  The s c a t t e r  appears 

t o  be g r e a t e s t  f o r  t he  lowest mean p res su re .  

appears t o  be and Pmax ps 

The d i a s t o l i c  da t a  show considerably more s c a t t e r ,  which i s  

not s u r p r i s i n g  s i n c e  t h e  d i a s t o l i c  reading i s  cons iderably  more 

d i f f i c u l t  t o  ob ta in  by the  auscul ta tory  technique. However, 

except  f o r  t h e  l a t e x  tubing (F ig .  2 2 ) ,  t h e  same gene ra l  t r e n d  

can be noted f o r  t h e  d i a s t o l i c  reading. That i s ,  it g e n e r a l l y  

exceeds t h e  m i n i m u m  o s c i l l a t o r y  i n t r a - a r t e r i a l  p re s su re  by roughly 

a cons t an t  pressure  f o r  each tube. Furthermore, t h i s  d i f f e r e n c e  

( f o r  bo th  the  s y s t o l i c  and d i a s t o l i c  p r e s s u r e s )  i s  cons iderably  

l a r g e r  f o r  a thick-walled tube (Fig.  2 1 )  than f o r  a thin-wal led 

t u b e  (Fig.  2 0 )  of t h e  same mater ia l .  It w i l l  be noted t h a t  t he  

s c a t t e r  is cons iderably  l a r g e r  f o r  t h e  l a t e x  tube (Fig.  2 2 )  and 

t h a t  t h e  d i a s t o l i c  p re s su re  reading t h e r e i n  i s  sometimes less-, than 

the  corresponding m i n i m u m  i n t r a - a r t e r i a l  p re s su re ,  p a r t i c u l a r l y  

a t  t h e  lowest mean p res su re .  However, it should be mentioned 

t h a t  t h e  l a t e x  t u b e  proved t o  be the most d i f f i c u l t  on which t o  

perform a u s c u l t a t i o n s ,  because many extraneous sounds appeared, 

presumably because of t he  acous t i ca l  p r o p e r t i e s  of t h e  t u b e .  
A l l  i n  a l l ,  wi th  f e w  exceptions,  it would appear from Figures 

20 t o  22  t h a t  both the  auscul ta tory  s y s t o l i c  and d i a s t o l i c  pres -  

s u r e  readings  g e n e r a l l y  exceed the  corresponding maximum and m i n i m u m  
i n t r a - a r t e r i a l  p re s su res ,  r e spec t ive ly ,  by an amount which depends 

p r i m a r i l y  upon t h e  c h a r a c t e r i s t i c s  of t h e  v e s s e l  i t s e l f  r a t h e r  than 

uppn t h e  o s c i l l a t o r y  flow ins ide  it. This would sugges t  t h a t  t h e  

c r i t i c a l  buckl ing pressure  of t h e  v e s s e l  may be of primary importance 

i n  t h e  product ion of t h e  Korotkoff sounds during p a r t i a l  occ lus ion .  
This buckl ing pressure  i s  t h e  pressure d i f f e rence  ( e x t e r n a l  minus 
i n t e r n a l )  a t  which t h e  t u b e  i n i t i a l l y  buckles  from a c i r c u l a r  i n t o  

an e l l i p t i c a l  c ros s  s e c t i o n .  Once t h i s  happens t o  t h e  a r t e r i a l  

w a l l ,  t h e  reduct ion  i n  c ross -sec t iona l  a r e a  of t h e  v e s s e l  causes 

a reduct ion  of t h e  f l u i d  pressure because of t h e  v e l o c i t y  through 
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t h e  r e s u l t i n g  o r i f i c e  ( t h e  Bernoul l i  e f f e c t ) .  T h i s  produces a 

f u r t h e r  decrease  i n  cross sec t ion ,  and t h e  vesse l  c o l l a p s e s .  The 

i n t e r m i t t e n t  phenomenon which produces the  Korotkof f sounds would 

then  be i n i t i a t e d  when t h e  oncoming p res su re  w a v e  becomes ampl i f i ed  

ahead o f  t h e  occ lus ion  a n d  forces  the v e s s e l  t o  open. T h e  p re s su re  

then  drops aga in  and t h e  process repeats i t s e l f .  

The c r i t i c a l  buckl ing  pressure  f o r  a thin-wal led e l a s t i c  tube 

i s  g iven  by the express ion  (Ref. 2 2 )  

where E i s  t h e  e l a s t i c  modulus, a i s  P o i s s o n ' s  r a t i o ,  and h 

and Ro are t h e  w a l l  th ickness  and r ad ius  o f  t h e  tube .  T h i s  

express ion  can be eva lua ted  f o r  any given vessel by making use o f  

t h e  pressure-diameter r e l a t i o n  

d P = E h .  1 
2 2 dRo Ro 1 - 0  

Thus, Equation (19)  can be w r i t t e n  i n  t h e  form 

and the c r i t i c a l  buckl ing pressure i s  obta ined  i n  t e r m s  o f  t h e  

slope of  the pressure-diameter curve f o r  the vessel  i n  ques t ion .  

I t  can be seen  from Equation ( 2 1 )  t h a t ,  f o r  tubes  having a 
c o n s t a n t  va lue  of dp/dRo, as i n  the p r e s e n t  t e s t s  (see Fig .  17), 
the va lue  o f  the c r i t i c a l  buckling p res su re  w i l l  decrease  as t h e  

i n t e r n a l  p r e s s u r e  r i ses ,  s i n c e  h decreases  and Ro i n c r e a s e s  
w i t h  i n t e r n a l  pressure5 .  But s ince  the w a l l  t h i ckness  of each tube  

~ 

' T h i s  would probably n o t  be t rue  of  r e a l  a r t e r i e s ,  s i n c e  they  
e v i d e n t l y  become s t i f f e r  as  the i n t e r n a l  p r e s s u r e  r ises (see 
Fig .  1) .  
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was found t o  be r a t h e r  nonuniform i n  the  c i r cumfe ren t i a l  d i r e c t i o n ,  

and s i n c e  h was measured only with no f l u i d  i n  t h e  tube  ( i . e . ,  

a t  atmospheric p r e s s u r e ) ,  w e  can c a l c u l a t e  here  only approximate 

values  of pcr. 

c a l c u l a t e d  using average values  of the  wa l l  th ickness  a t  atmospheric 

These a r e  l i s t e d  i n  t he  t a b l e  below and w e r e  

Nominal wa l l  
th ickness  Mater ia l  

p ressure  and average values  of Ro over 
t e s t e d .  

Actual wa l l  
thickness  

gum rubber 

gum rubber 

l a t e x  

1/16 i n .  0.082 i n .  

1/8 i n .  .140 i n .  

1/16 i n .  .080 i n .  

:he range of mean p res su res  

11 2 6 2  

83.3 .31 6 1  

The values  of t he  buckling pressures  l i s t e d  i n  t h e  above t a b l e  

a r e  seen t o  be of t he  same order a s  t he  e r r o r s  i n  t h e  auscu l t a to ry  

readings f o r  each tube (see Figs.  20 t o  2 2 1 ,  al though the  e r r o r s  

gene ra l ly  exceed t h e  buckling pressure and show cons iderable  s c a t t e r .  

It w i l l  be noted t h a t  t he  tabula ted  values  of 
t he  auscu l t a to ry  e r r o r s  f o r  t he  1/8-inch wa l l  t u b e  should be abouc 

9 t o  10 t i m e s  t h a t  f o r  e i t h e r  of t h e  1/16-inch wa l l  t u b e s .  A look 

a t  Figures 20 t o  22  i n d i c a t e s  an average e r r o r  of about 15 mm Hg 

on the  auscu l t a to ry  readings for  t h e  two 1/16-inch wa l l  t u b e s  
( 2  t o  3 t imes the  buckl ing pressure)  and an average e r r o r  of about 

80 mm Hg f o r  the  1/8-inch wa l l  t u b e  (about 1 . 3  t i m e s  the  buckl ing 

p r e s s u r e ) ,  y i e l d i n g  a f a c t o r  of about 5 .  It w i l l  be seen t h a t  t h e  

a u s c u l t a t o r y  e r r o r s  appear t o  agree much more c l o s e l y  with the  

c r i t i c a l  buckl ing p res su re  f o r  the thicker-walled t u b e .  This may 

simply be due t o  the  poor accuracy i n  c a l c u l a t i n g  pcr 
t h inne r  tubes because of t h e i r  small  va lues  and because of a more 
s i g n i f i c a n t  v a r i a t i o n  of wa l l  thickness with p re s su re ,  which was 

not  measured. 

pcr i n d i c a t e  t h a t  

f o r  t h e  
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It would appear from the r e s u l t s  of F igu res  20 t o  2 2  t h a t ,  

except  f o r  ve ry  low v i s c o s i t y  f l u i d s ,  t h e  a u s c u l t a t o r y  s y s t o l i c  

and d i a s t o l i c  p re s su re  readings g e n e r a l l y  exceed t h e  corresponding 

maximum and minimum o s c i l l a t o r y  p r e s s u r e s  i n s i d e  t h e  v e s s e l  by an 

amount which depends p r imar i ly  upon t h e  c r i t i c a l  buckl ing p r e s s u r e  

of  the t u b e ,  although other e f f e c t s  a r e  e v i d e n t l y  also presen t .  

T h i s  seems t o  i n d i c a t e  t h a t  the Korotkoff sounds are  produced 

only  i f  the tube  i s  co l l apsed  over p a r t  of the c y c l e ,  and t h a t  the 

e s s e n t i a l  d i f f e r e n c e  between s y s t o l e  and d i a s t o l e  i s  the l eng th  

of  t i m e  dur ing  which the tube i s  co l l apsed .  Thus, a t  s y s t o l e ,  the 

v e s s e l  i s  co l lapsed  over  near ly  t h e  e n t i r e  c a r d i a c  cycle, opening 

on ly  when t h e  peak p res su re  occurs.  A t  d i a s t o l e ,  on the o t h e r  

hand, the v e s s e l  i s  co l lapsed  only  when the i n t r a - a r t e r i a l  pres-  

s u r e  f a l l s  t o  i t s  minimum leve l .  I n  e i t h e r  case, however, t h e  

cu f f  p r e s s u r e  exceeds t h e  corresponding i n t e r n a l  o s c i l l a t o r y  pres -  

s u r e  by an amount which depends upon t h e  e l a s t i c i t y  and the w a l l  
t h i c k n e s s  of t h e  v e s s e l  being occluded. 

I n  o r d e r  t o  i l l u s t r a t e  the above conclus ion ,  a summary p l o t  
of a u s c u l t a t o r y  ve r sus  d i r e c t  p re s su re  readings  has been prepared 

f o r  each s imulated a r t e r y  t e s t e d ,  and these are  presented  i n  

F igu re  23. T h e  s y s t o l i c  and d i a s t o l i c  d a t a  both appear on the 

same p l o t  i n  t h e s e  f i g u r e s ,  and the  s t r a i g h t  l i n e  through t h e  

experimental  d a t a  i s  g iven  i n  a l l  cases by the r e l a t i o n  

w h e r e  k i s  e v i d e n t l y  b e t w e e n  1 .0  and 4.0. I t  w i l l  be r e c a l l e d  

t h a t  k = 5 corresponds t o  t h e  t h e o r e t i c a l  occluding p r e s s u r e  

f o r  the v e s s e l  devoid of f l u i d  (see Ref. 1) .  The f a c t  t h a t  k -  

d i f f e r s  f o r  each tube  and is g r e a t e r  t han  u n i t y  may w e l l  be r e l a t e d  
t o  the a m p l i f i c a t i o n  of  t h e  oncoming wave each t i m e  the v e s s e l  

c o l l a p s e s .  This  p o i n t  i s  now under i n v e s t i g a t i o n  and w i l l  r e q u i r e  

a more s o p h i s t i c a t e d  a n a l y s i s .  
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C e r t a i n  q u a l i t a t i v e  observations were made during t h e  p r e s e n t  

experiments which seem t o  warrant some mention h e r e ,  although they 

may not bear  d i r e c t l y  on t h e  experimental  r e s u l t s .  Perhaps t h e  

most dramatic e f f ec t  i n  t h i s  category was the  s t r u c t u r a l  f a i l u r e  

of t h e  s imulated a r t e r y  a f t e r  numerous a u s c u l t a t i o n s .  Such f a i l u r e s  

occurred on a t  l e a s t  t h r e e  samples of gum rubber tubing of 1/16-inch 

wa l l  th ickness  

s t r a i g h t  rup tu re  of t h e  tube w a l l  i n  t h e  a x i a l  d i r e c t i o n .  A photo- 

graph of such a ruptured vesse l  i s  shown i n  Figure 24 .  I t  w i l l  be 

noted t h a t  t he  rup tu re  occurred i n  a l o c a t i o n  which i s  t h e  s i t e  of 

a s t r e s s  concent ra t ion  during occlusion i n  t he  p re s su re  chamber. 

It  seems l i k e l y  t h a t  t h e  rupture is  a f a t i g u e  f a i l u r e  brought on 

by repea ted  stresses assoc ia ted  with t h e  product ion of t h e  Korotkoff 

sounds. 

(h/Ro = 1/8) and took t h e  form of a r e l a t i v e l y  

Although t h e  oncoming pressure wave i s  amplif ied j u s t  proximal 

t o  t h e  occ lus ion ,  i t s  wave shape remains e s s e n t i a l l y  unchanged. 

On t h e  o the r  hand, t h e  wave shape j u s t  d i s t a l  t o  ( i . e ,  downstream 

from) t h e  p re s su re  chamber changes d r a s t i c a l l y  during p a r t i a l  

occ lus ion .  A s  a mat te r  of f a c t ,  small  high-frequency components 

appear during decompression which seem t o  be a s soc ia t ed  wi th  the  

Korotkoff sounds themselves.  Figure 2 5  shows an osc i l l og raph  

record  of t h e  p re s su res  j u s t  d i s t a l  t o  t he  occ lus ion  during decom- 

p res s ion  of t h e  pressure  chamber which r e p r e s e n t s  t h e  cu f f  of t h e  

sphygmomanometer. The f i r s t  port ion of t he  osc i l l og raph  record  

shows t h e  mean p res su re  l e v e l  and then  t h e  o s c i l l a t o r y  p re s su res  

i n  t h e  unobstructed a r t e r y ,  p r io r  t o  a c t i v a t i n g  t h e  p re s su re  

chamber. A s  w e  move t o  t h e  r i g h t  i n  t h e  f i g u r e ,  t h e  a r t e r y  i s  

occluded and t h e  record  then shows t h e  gradual  bu i ldup  of t h e  

p re s su res  d i s t a l  t o  t h e  chamber a s  t h e  chamber pressure  i s  decreased,  

u n t i l  f i n a l l y  t h e  pressure  o s c i l l a t i o n  r e t u r n s  t o  i t s  o r i g i n a l  wave 

shape and amplitude.  The points a t  which t h e  Korotkoff sounds a r e  

f i r s t  heard ( f i r s t  phase) and f i n a l l y  disappear  ( f i f t h  phase)  a r e  

marked as  s y s t o l e  and d i a s t o l e .  It i s  i n t e r e s t i n g  t o  note t h a t  

d i a s t o l e  appears t o  coincide with t h e  disappearance of one of t he  
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h igher  harmonics of t h e  pulse  wave, whereas s y s t o l e  does not 

appear t o  show any dramatic change i n  wave shape. 

8. TESTS WITH BEEF BLOOD 

Inasmuch as  the  experiments descr ibed i n  t h e  foregoing sec- 
t i o n s  were conducted using a Newtonian f l u i d  composed of water and 

g l y c e r o l ,  t h e  ques t ion  na tu ra l ly  a r i s e s  as  t o  whether such r e s u l t s  

a r e  v a l i d  f o r  r e a l  blood. The genera l  c h a r a c t e r i s t i c s  of blood 

a s  a f l u i d  were discussed i n  Section 3 . 2 ,  and it was concluded 

t h a t  t h e  apparent v i s c o s i t y  of whole blood is  in t ima te ly  r e l a t e d  

.to t h e  concent ra t ion  of suspended r ed  cel ls .  Since i t  i s  f u r t h e r  

apparent  t h a t  t h e  presence of suspended p a r t i c l e s  might we l l  

a f f e c t  t h e  production of t he  Korotkoff sounds, it was considered 

e s s e n t i a l  t h a t  tes ts  be performed using a f l u i d  more c l o s e l y  

r e p r e s e n t a t i v e  of whole blood i n  t h e  experimental  apparatus .  

A p re l iminary  inves t iga t ion  was made of var ious  p l a s t i c  and 

g l a s s  beads which a r e  commercially a v a i l a b l e  and which might be 

added t o  a s o l u t i o n  of water and g l y c e r o l  t o  y i e l d  a more r e a l i s -  

t i c  model of l i v i n g  blood for the p r e s e n t  experiments.  Upon 

microscopic examination of t h e  samples obta ined ,  however, i t  was 

found t h a t  t he  p l a s t i c  beads were q u i t e  i r r e g u l a r  i n  shape, and 

t h a t  t h e  g l a s s  beads (although s p h e r i c a l  i n  shape)  were of non- 

uniform diameter and had excessively high d e n s i t y .  Furthermore , 
it  was r e a l i z e d  t h a t  t h e  absorption and r e f l e c t i o n  of sound would 

be q u i t e  d i f f e r e n t  f o r  the  r i g i d  beads than f o r  t h e  a c t u a l  deform- 

a b l e  r e d  cel ls  they a r e  t o  represent .  Therefore ,  it was decided 

t h a t  a meaningful check on t h e  p r e s e n t  experimental  r e s u l t s  would 

only be obta ined  by using r e a l  blood. The f a c t  t h a t  t he  blood 

ce l l s  would not  then be properly s c a l e d  up i n  accordance wi th  

t h e  s i z e  of t he  s imulated a r t e r y  was considered t o  be of no s i g n i f i -  

cance,  s i n c e  t h e  r a t i o  of t h e  red-ce l l  diameter (about 8 microns) 

t o  t h a t  of t h e  b r a c h i a l  a r t e r y  (about 1/4 inch)  i s  c l e a r l y  n e g l i g i b l e .  

Since it would be imprac t ica l  t o  f i l l  t h e  e n t i r e  apparatus  

( capac i ty  250 g a l l o n s )  with blood, it was necessary t o  make p rov i s ion  
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t o  res t r ic t  t h e  blood t o  the  t e s t  s e c t i o n  a rea  without  s i g n i f i c a n t l y  

a f f e c t i n g  t h e  opera t ing  of the apparatus o r  t he  experimental  r e su l t s  
This was accomplished by i n s t a l l i n g  a r a t h e r  s l a c k ,  f l e x i b l e  d ia -  

phragm a t  e i t h e r  end of t h e  t e s t  s e c t i o n  a r e a .  The p res su res  gen- 

e r a t e d  i n  t h e  remainder of the  apparatus (which i s  f i l l e d  with 

water )  a r e  then t r ansmi t t ed  across the  diaphragms t o  the  blood i n  
t he  t e s t  s e c t i o n .  The diaphragms, being very s l a c k ,  absorb o r  

r e f l e c t  very l i t t l e  of t h e  pressure impulse. With t h i s  i n s t a l l a -  

t i o n ,  s e l e c t e d  t e s t  cases which had a l ready  been conducted with 

water and g l y c e r o l  as the t e s t  f l u i d  (Sect ion 7 )  w e r e  repea ted  

using f r e s h  s teer  blood as  the  t e s t  f l u i d .  These t e s t  r e s u l t s  

w e r e  then compared with t h e  water and g l y c e r o l  t e s t  d a t a  i n  o rder  

t o  eva lua te  the  dependency of auscu l t a to ry  measurements upon t h e  

type of  f l u i d  involved. 

8.1 Modif icat ion of Apparatus and Prel iminary Test  Resul t s  

The t e s t  apparatus  was modified t o  f a c i l i t a t e  t h e  t e s t i n g  of 

whole s teer  blood by r e s t r i c t i n g  the  blood t o  t h e  region of t he  

t e s t  s e c t i o n .  The blood was contained be tween  rubber diaphragms 

mounted i n  t he  1-inch-diameter c l e a r  p l a s t i c  tubes which extend 

on e i t h e r  end of t h e  s imulated a r t e r y .  

diaphragms were i n s t a l l e d  a t  the extreme ou te r  ends of t he  1-inch 

p l a s t i c  tubes i n  o rder  t o  reduce "end e f f e c t s "  r e s u l t i n g  from p res -  

s u r e  wave r e f l e c t i o n s  and t o  damp out  secondary o s c i l l a t i o n s  pro- 

duced by the  diaphragms. I n  order t o  f a c i l i t a t e  i n s t a l l a t i o n  of 

t h e  diaphragms, s h o r t  s e c t i o n s  of t he  1-inch p l a s t i c  tubes were 

removed a s  near a s  p r a c t i c a b l e  t o  t h e i r  i n l e t  and o u t l e t  connec- 

t i o n s .  
which were machined t o  f i t  over t h e  ends of t h e  remaining 1-inch 

tub ing ,  a s  shown i n  Figure 26. The r e s u l t i n g  j o i n t s  a r e  s e a l e d  

by "0"  r i n g s .  A s i d e  opening i n  each of t he  adapters  a c t s  as an 

i n l e t  and d r a i n  so t h a t  t he  t e s t  s e c t i o n  can be completely f i l l e d  

with blood.  I t  w i l l  be noticed i n  Figure 25 t h a t  an angled i n l e t  
t u b e  i s  i n s t a l l e d  i n  each of the adapters  t o  provide co'nnections 

A s  shown i n  Figure 26, t h e  

These s e c t i o n s  were replaced by adapters  of a c r y l i c  p l a s t i c  
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f o r  a c i r c u l a t i o n  pump i n  t he  event t h a t  sedimentat ion might 

r equ i r e  t h a t  t he  blood be s t i r r e d  between pressure  readings.  

A c l i n i c a l  three-way stopcock was i n s t a l l e d  i n  t he  1-inch 

p l a s t i c  tubes near t h e i r  connections t o  t h e  s imulated a r t e r y .  

These stopcocks f i t  a s tandard  medical syr inge  which was used t o  

i n j e c t  blood i n t o  the  t e s t  sec t ion  f o r  p r e s s u r i z i n g  t h e  t e s t  sec-  

t i o n  ( t o  equa l i ze  the  pressures  on e i t h e r  s i d e  of t h e  diaphragm) 

o r  t o  withdraw blood samples f o r  examination. 

Severa l  membranes adapted from a v a i l a b l e  ma te r i a l s  were 

t e s t e d  t o  determine whether diaphragms could be obtained which 

would have l i t t l e  e f f e c t  on t h e  normal opera t ing  c h a r a c t e r i s t i c s  

of t h e  apparatus  o r  on the  tes t  r e s u l t s  and y e t  have reasonable 

d u r a b i l i t y .  

rubber ba l loons  of sausage shape. These ba l loons  were inexpensive 

and r e a d i l y  a v a i l a b l e ,  and w e r e  rep laced  f r equen t ly  t o  avoid 

f a t i g u e  f a i l u r e  o r  rup tu re .  It was found t h a t  i f  t h e  ba l loons  

were i n f l a t e d  with a i r  u n t i l  they were near t h e i r  maximum expan- 

s i o n ,  and then d e f l a t e d ,  a very t h i n  tubu la r  diaphragm i s  formed 

which is  s l i g h t l y  l e s s  than 1 inch i n  diameter and 4 t o  5 inches 

long. This diaphragm i s  t h e n  i n s e r t e d  i n t o  the  1-inch p l a s t i c  

tube ,  the  open end of t he  diaphragm folded back over t h e  p l a s t i c  

t u b e  wi th  about an inch of overlap,  and t h e  adapter  pressed  i n t o  

p l ace  over t h e  folded-back sec t ion  of the  diaphragm. The ou te r -  

most "0 "  r i n g  s e a l s  t h e  j o i n t  and holds  the  diaphragm i n  p l ace .  

The remaining attachments of the t e s t  s e c t i o n  a r e  made a s  pre-  

v ious ly  descr ibed i n  Sec t ion  7 ,  and t h e  t es t  s e c t i o n  i s  then ready 

t o  be f i l l e d  with the  des i r ed  t e s t  f l u i d .  Approximately 5 q u a r t s  

of blood a r e  requi red  t o  f i l l  the  modified tes t  s e c t i o n  a r e a  

be tween  t h e  two diaphragms. With the  c i r c u l a t i o n  pump i n s t a l l e d ,  

approximately 7 q u a r t s  would be requi red  t o  f i l l  t he  s e c t i o n  and 

t h e  r e t u r n  tubing.  

The b e s t  r e s u l t s  were obtained using ord inary  toy  

I n  o rde r  t o  check out  the  modified system, s e v e r a l  prel iminary 

tes ts  were conducted using water and a 10  percent  s o l u t i o n  of 

g l y c e r o l  a s  the  t e s t  f l u i d s ,  s ince t h e  l a t t e r  g ives  a v i s c o s i t y  
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c l o s e  t o  t h a t  of blood i n  the  la rger  v e s s e l s .  The auscu l t a to ry  

da t a  from these  t e s t s  were then compared with t e s t s  conducted 

u s i n g  t h e  same f l u i d  throughout t h e  system without  t h e  diaphragms 

i n s t a l l e d .  I t  was found t h a t  the i n s t a l l a t i o n  of t he  diaphragms 

produced no no t i ceab le  e f f e c t s .  
A s t e r i l i z a t i o n  chamber was designed and b u i l t  f o r  t he  purpose 

of s t e r i l i z i n g  those components and accesso r i e s  which come i n t o  

con tac t  with t h e  blood. Since n e i t h e r  t he  blood nor t h e  equipment 

were t o  be used i n  connection with l i v i n g  animals o r  humans, it 
was advised t h a t  t he  use of u l t r a v i o l e t  germic ida l  l i g h t s  would 

be s u f f i c i e n t  t o  r e t a r d  spoi lage of the  blood and t o  prevent  an 

accumulation of b a c t e r i a  growth over the  dura t ion  of t he  t e s t i n g .  

The s t e r i l i z a t i o n  chamber i s  of plywood cons t ruc t ion  and is  1 2 -  

f e e t  high and 2- fee t  square,  with s i x  tubu la r  u l t r a v i o l e t  germicidal  

l i g h t s  mounted i n s i d e ,  as  shown i n  Figure 2 7 .  

8 . 2  Prepara t ion  and Handling of Blood and S t e r i l i z a t i o n  of 
Equipment 

Since it was f l e t  t h a t  a considerable  number of s p e c i a l  tech-  

niques might be involved with the s a t i s f a c t o r y  and s a f e  use of 

whole blood,  consu l t a t ions  were he ld  with m e m b e r s  of the  Stanford 

Medical C e n t e r  s t a f f  who have been involved with the  development 

and u s e  of the  hear t - lung machine6. 

poss ib ly  be obtained i n  t he  q u a n t i t i e s  needed, it was not  recommended 

f o r  use without proper equipment and t r a i n e d  medical personnel ,  

because of t he  s l i g h t  r i s k  of cont rac t ing  h e p a t i t i s  and because of 

t h e  n e c e s s i t y  of matching blood types .  It was decided t h a t  beef 

blood would be t h e  most p r a c t i c a l  f o r  t h i s  experiment.  Beef blood 

which i s  obtained from inspected c a t t l e  i s  q u i t e  s a f e  t o  u s e ,  i s  

e a s i l y  obta inable  i n  l a r g e  q u a n t i t i e s ,  and can be mixed without 

regard  t o  type.  The Medical S t a f f ' s  experience with cow blood 

Although human blood might 

~ 

D r s .  Charles h l i t c h e r  ( M . D . )  and R .  C.  S t o f e r  (D.V.M.)  were con- 6 

s u l t e d  and were q u i t e  he lp fu l  i n  e s t a b l i s h i n g  t h e  procedures 
followed during t h e  whole blood t e s t s  r epor t ed  he re in .  
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had shown, however, t h a t  the  r e d  c e l l s  t h e r e i n  have a high sedimen- 

t a t i o n  r a t e ;  t h e r e f o r e ,  provision was made f o r  an a u x i l i a r y  pump 

t o  c i r c u l a t e  t he  blood between blood p res su re  measurements. It 

was a l s o  advised t h a t  heparin be used a t  t he  an t i coagu lan t  s i n c e  

less than 1 pe rcen t  i s  required.  Thus, d i l u t i o n  is  not s i g n i f i c a n t  

when compared with t h e  25 percent concent ra t ion  of ACD s o l u t i o n  

requi red  t o  prevent  coagulat ion.  

Two medical technic ians  were employed t o  ass i s t  on t h i s  por- 

t i o n  of  t h e  t e s t  program, and arrangements were made f o r  ob ta in ing  

f r e s h  q u a n t i t i e s  of beef blood near ly  every weekday from a nearby 

meat packing company. Because of t he  a v a i l a b i l i t y  of f r e s h  blood,  

it was decided t h a t  t h e  blood would be d iscarded  a t  t h e  end of 

each d a y ' s  t e s t i n g  and a f r e s h  supply obtained f o r  t h e  following 

day, r a t h e r  than fol low the  s t r i c t  procedures r equ i r ed  f o r  s t e r i l i t y  

i f  t he  blood is  t o  be used f o r  2 o r  more days7. 

no s p e c i a l  p recaut ions  were taken t o  maintain s t e r i l i t y  of t h e  

blood a s  it was c o l l e c t e d .  It was found t h a t  t h e  most expedient  

method of c o l l e c t i o n  was t o  receive t h e  blood i n  s t e r i l i z e d  p l a s t i c ,  

2-quart  con ta ine r s  a s  the  animal was being b l e d .  Usually,  10 t o  1 2  

q u a r t s  were c o l l e c t e d  a t  a time (from two animals)  t o  provide f o r  

r e f i l l i n g  i n  t he  event  of loss of blood through a f a i l t u r e  i n  t h e  

system. It was decided t o  use only steer blood f o r  t hese  t e s t s ,  

s i n c e  steers were normally s laughtered every day. This choice 

proved f o r t u i t o u s ,  s i n c e  sedimentation r a t e  tes ts  showed t h a t  

s t e e r  blood has e s s e n t i a l l y  a zero sedimentat ion r a t e  f o r  t h e  

f i r s t  4 days,  so  t h a t  t h e  a u x i l i a r y  c i r c u l a t i o n  pump was not  

r equ i r ed .  

For t h i s  reason ,  

P r i o r  t o  f i l l i n g  the  t es t  s e c t i o n  wi th  blood, t h e  apparatus  

was disassembled and the  components which come i n  con tac t  with 

t h e  blood w e r e  scrubbed wi th  Haemosol and thoroughly r i n s e d .  The 

7This procedure was made possible  by t h e  cooperat ion of t h e  Fe r ra ra  
Meat C o .  , I n c . ,  San Jose ,  Ca l i fo rn ia ,  which con t r ibu ted  a l l  of 
t he  blood used i n  t hese  experiments.  
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b r a s s  pressure  probes w e r e  coated with s i l i c o n e  t o  prevent  t he  

formation of c l o t s  on the  probes. Af t e r  c leaning ,  t hese  s e c t i o n s  

of t h e  apparatus  and t h e  various blood con ta ine r s  were placed i n  
t h e  s t e r i l i z a t i o n  cab ine t  ( F i g .  2 7 )  f o r  a t  l e a s t  8 hours ( u s u a l l y  

overn ight )  t o  reduce t h e  b a c t e r i a  count and t o  allow t h e  a r t i c l e s  

t o  dry thoroughly.  The rubber tube t e s t  s e c t i o n  and 1-inch-diameter 

p l a s t i c  tubes were hung v e r t i c a l l y  t o  ensure drainage of t h e  wash 

and r i n s e  water .  I t  is necessary f o r  a l l  components and v e s s e l s  

i n  con tac t  with the  blood t o  be completely f ree  of water i f  

hemolysis i s  t o  be avoided. 

8.3 T e s t  Procedure 
The b a s i c  t e s t  procedures followed when using whole blood 

were i d e n t i c a l  wi th  those previously descr ibed i n  Sect ion 7 . 1 .  

The only changes i n s t i t u t e d  were those connected with handl ing 

the  blood,  introducing the  blood i n t o  the  t e s t  s e c t i o n ,  maintain- 

ing a n u l l  p o s i t i o n  of t h e  diaphragms, and making the  a d d i t i o n a l  

measurements of the  phys ica l  p rope r t i e s  of t he  blood.  (These were 

made a t  the  Palo Alto-Stanford Hosp i t a l . )  

The f r e s h l y  c o l l e c t e d  blood was allowed t o  s t and  i n  t h e  

c o l l e c t i o n  con ta ine r s  while f i n a l  i n s t a l l a t i o n s  and adjustments 

were made t o  t h e  t e s t  apparatus.  This was done t o  allow t h e  blood 

t o  approach room temperature i n  o rder  t o  reduce t h e  temperature 

v a r i a t i o n  during t e s t i n g .  Care was exe rc i sed  t o  prevent  t h e  blood 

from foaming while i t  was poured and f ed  through the  var ious f i t -  

t i n g s  of t h e  t e s t  apparatus .  Foaming was l a r g e l y  prevented by 

f i r s t  slowly pouring the  blood from t h e  c o l l e c t i o n  con ta ine r s  i n t o  

t h e  c o n i c a l  g l a s s  pe rco la to r  shown i n  F i g u r e  26 .  The t u b e  clamp 

on t h e  tubing connecting the  pe rco la to r  t o  t h e  i n l e t  on t h e  adap- 

t e r  f i t t i n g  was then opened s l i g h t l y  t o  allow a smal l  flow of 

blood i n t o  t h e  t e s t  s e c t i o n .  A s  t h e  t e s t  s e c t i o n  was f i l l i n g ,  a i r  

was removed a t  t h e  stopcocks on t h e  1-inch p l a s t i c  tube and a t  t he  

downstream adapter .  m e n  the  t es t  s e c t i o n  w a s  f i l l e d  and t h e  a i r  

bubbles had been  removed, t he  clamp a t  t h e  p e r c o l a t o r  was c losed  
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and t h e  o t h e r  openings i n  t he  adapters clamped s h u t .  Since the  

a u x i l i a r y  c i r c u l a t i o n  pump was not necessary,  t h e  pump connections 

i n  t n e  adapters  were clamped s h u t ,  a s  shown i n  Figure 2 6 .  

It had been found i n  t he  prel iminary t e s t i n g  t h a t  the  b e s t  

ope ra t ion  of t h e  diaphragms was obtained when t h e  diaphragms were 

i n i t i a l l y  i n  a n u l l  p o s i t i o n ;  t h a t  i s ,  doubled up l imply i n  a 

c e n t r a l  p o s i t i o n  so t h a t  they may extend an equal  d i s t a n c e  i n  
e i t h e r  d i r e c t i o n  be fo re  becoming e l a s t i c a l l y  deformed during a 

pu l se .  For many t e s t  condi t ions ,  t h e  diaphragms w e r e  never i n  a 

f u l l y  extended p o s i t i o n ,  b u t  simply moved i n  one d i r e c t i o n  and 

then t h e  o the r  during a pu l se .  I n  t h i s  cond i t ion ,  t he  diaphragms 

merely " f l o a t e d "  between t h e  two l i q u i d s ,  having l i t t l e  o r  no 

e f f e c t  on t h e  imposed pressure  pu l se .  I n  o rder  t o  o b t a i n  t h i s  

i n i t i a l  n u l l  p o s i t i o n  a t  each mean p res su re  head, it was necessary 

t o  i n j e c t  o r  e x t r a c t  blood a t  the t e s t  s e c t i o n  t o  accommodate the  

inc rease  o r  decrease i n  diameter of t h e  s imulated a r t e r y .  Af te r  

t h e  rubber diaphragms were equal ized i n  t h i s  manner, t h e  blood 

p res su re  tes ts  w e r e  performed following t h e  procedure descr ibed  

i n  Sec t ion  7 . 1 .  
Severa l  tes ts  were made on  each supply of blood t o  determine 

i t s  phys ica l  c h a r a c t e r i s t i c s .  The sedimentat ion r a t e  was measured 

using a Wintrobe Blood Sedimentation T e s t  Tube, and t h e  hematocri t  

was determined using a s p e c i a l  c e n t r i f u g e  a t  t h e  S tanford  Medical 

Center.  The s p e c i f i c  g r a v i t y  of t h e  blood was measured with a 

hydrometer. 

A t  t he  conclusion of each d a y ' s  t e s t i n g ,  t h e  t e s t  s e c t i o n  and 

accesso r i e s  were dismantled,  scrubbed with Haemosol de t e rgen t  t o  

remove a l l  t r a c e s  of blood,  r insed  w e l l ,  and placed i n  t h e  s t e r i l i -  

z a t i o n  chamber. 

8.4 Experimental  R e s u l t s  and Discussion 

The d a t a  taken during the  t es t s  using s t e e r  blood were the  

same a s  descr ibed  i n  Sec t ion  7 ;  namely, s y s t o l i c ,  d i a s t o l i c ,  and 

i n t r a - a r t e r i a l  p re s su re .  These d a t a  were obtained f o r  a number 
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of t e s t  condi t ions  i n  t he  same range of frequency, amplitude,  and 

mean pressure  as  were t e s t e d  with water and with a o l u t i o n  of 

g l y c e r o l  (without diaphragms i n s t a l l e d ) .  I t  was observed by t h e  

a u s c u l t a t o r s  t h a t  t he  Korotkoff sounds were v i r t u a l l y  unchanged, 

n e i t h e r  e a s i e r  nor more d i f f i c u l t  t o  hea r .  This observa t ion  was 

shared by D r .  B r u n s ,  who was consulted f r equen t ly  during the  plan-  

ning and t h e  performance of the auscu l t a to ry  tes ts  wi th  whole blood.  

The experimental  r e s u l t s  f o r  whole blood i n  t h e  1/16-inch wa l l  

gum rubber t e s t  a r t e r y  a re  presented i n  Table I1 and Figure 2 8  

f o r  a range of f requencies  and mean pressure  l e v e l s .  It  can be 

seen from Figure 2 8  t h a t  the auscul ta tory  e r r o r s  f o r  bo th  t h e  

s y s t o l i c  and d i a s t o l i c  pressures  a r e  again r e l a t i v e l y  cons tna t  and 

approximately equal  t o  one another.  Furthermore, t h e  values  of 

t hese  r a t i o s  agree almost exac t ly  with those obta ined  f o r  Newtonian 

f l u i d s  i n  t h e  same v e s s e l  (compare Fig.  2 8  with F ig .  2 0 ) ,  d e s p i t e  

t he  f a c t  t h a t  the  amplitudes are g e n e r a l l y  higher  with the  blood 

i n  t h e  s imulated a r t e r y  ( see  Fig. 2 9 ) .  Unfortunately,  t he  ampli- 

tude r a t i o  

subsequent t es t  with water i n  the system and a mixture of w a t e r  

and g l y c e r o l  ( V  = 5 V  ) between t h e  rubber diaphragms ind ica t ed  

t h a t  

rad ians  per  second. Hence, only those experimental  d a t a  which 

w e r e  taken a t  f requencies  above t h a t  value a re  p l o t t e d  i n  Figure 2 8 .  

Ao/Ac was not measured during these  t e s t s ,  b u t  a 

W 

Ao/Ac was equal  t o  1 .0  fo r  f requencies  above about 10 

The reason f o r  t h e  zero  sedimentation r a t e  of s t e e r  blood i s  

ev iden t ly  not  understood, although t h e  f a c t  t h a t  s teer  blood has  

no sedimentat ion r a t e  has b e e n  v e r i f i e d  i n  t he  l i t e r a t u r e  (Ref. 2 3 ) .  

A photograph of t h e  s t e e r  blood r ed  c e l l s  from t h e  p re sen t  expe r i -  

men t s  was taken through a microscope and i s  shown i n  Figure 30. 

The shape and s i z e  of t hese  red ce l l s  a r e  q u i t e  s i m i l a r  t o  those  

given a s  a normal average f o r  humans. The hematocri t  of the  s t e e r  

blood averaged approximately 45 pe rcen t ,  which i s  a l s o  s i m i l a r  t o  

human blood. The medical technic ian  tak ing  t h e  hematocri t  observed 

t h a t  almost no hemolysis had taken p lace  i n  a blood sample with- 

drawn from the  a rea  of the  pressure chamber a f t e r  a per iod  of t e s t i n g .  

The s p e c i k i c  g r a v i t y  of a l l  blood samples was 1.06. 
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I 
I With regard t o  t h e  experimental  r e s u l t s  presented  i n  Figure 2 8 ,  

i t  i s  d i f f i c u l t  t o  a s ses s  t h e  inf luence of v i s c o s i t y  of whole blood,  

which i s  a non-Newtonian f l u i d  whose v i s c o s i t y  depends upon the  

shear  r a t e  and t h e r e f o r e  v a r i e s  over each cyc le .  This e f f e c t  i s  
i l l u s t r a t e d  i n  Figure 31 ,  which shows the  v a r i a t i o n  of shear  r a t e  

and apparent  v i s c o s i t y  of blood over a cyc le  t y p i c a l  of t h e  p re sen t  

t e s t s .  

9 .  CONCLUSIONS 

The r e s u l t s  of t h e  present  experimental  i n v e s t i g a t i o n  appear 

t o  warrant  c e r t a i n  conclusions regarding auscu l t a to ry  blood pres-  

su re  de te rmina t ions ,  d e s p i t e  the f a c t  t h a t  t h e  mechanism respons ib le  

f o r  t h e  production of t he  Korotkoff sounds i s  as y e t  not  understood. 

I n  p a r t i c u l a r ,  t he  following conclusions can be drawn f o r  s i n u s o i d a l  

pu l se  waves i n  e l a s t o m e t r i c  tubes : 

(1) For blood, and f o r  Newtonian f l u i d s  of comparable v iscos-  

i t y ,  t h e  auscu l t a to ry  s y s t o l i c  and d i a s t o l i c  p re s su re  readings 

g e n e r a l l y  exceed t h e  corresponding maximum and m i n i m u m  i n t r a -  

a r t e r i a l  p re s su res ,  r e spec t ive ly ,  by an amount which depends p r i -  

mari ly  on t h e  th ickness  and s t i f f n e s s  of t h e  a r t e r i a l  wa l l .  

( 2 )  The magnitude of t h e  e r r o r  i n  both the  s y s t o l i c  and 

d i a s t o l i c  pressure  readings i s  gene ra l ly  g r e a t e r  than t h e  c r i t i c a l  

buckl ing pressure  of t h e  a r t e r i a l  wa l l ,  b u t  l e s s  than the  co l l aps -  

ing p res su re  and i s  independent of e i t h e r  frequency o r  mean pres-  

s u r e  l e v e l .  

( 3 )  A t  l o w  f l u i d  v i s c o s i t i e s  and/or low mean pressure  l e v e l s ,  

t h e s e  e r r o r s  t e n d  t o  show considerable s c a t t e r ,  i n d i c a t i n g  t h a t  

o t h e r  e f f e c t s  may become dominant. 

(4 )  The oncoming pulse  wave i s  gene ra l ly  ampl i f ied  ( b u t  
una l t e red  i n  form) j u s t  proximal t o  the  p re s su re  cuf f  when t h e  

'The auscu l t a to ry  d i a s t o l i c  pressure r e f e r r e d  t o  here  i s  t h a t  
recorded a t  t h e  disappearance of Korotkoff sounds ( t h e  f i f t h  
p h a s e ) .  
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a r t e r y  i s  occluded. This ampl i f ica t ion  may be one f a c t o r  respons ib le  

f o r  t h e  d iscrepancies  between the auscu l t a to ry  e r r o r s  and the  c a l -  

cu la t ed  buckling p res su res .  
( 5 )  The pu l se  wave j u s t  d i s t a l  t o  the  p re s su re  cu f f  is  a l t e r e d  

during p a r t i a l  occlusion t o  produce high harmonics which a r e  

be l ieved  t o  be a s soc ia t ed  w i t h  the Korotkoff sounds themselves.  

( 6 )  I n  the  case of t he  l / l6-inch wa l l  gum rubber tub ing ,  a 

l ong i tud ina l  rup ture  of t h e  simulated a r t e r y  occurred wi th in  t h e  

cuf f  a r e a  a f t e r  repeated auscu l t a t ions .  Such ruptures  occurred 

i n  s e v e r a l  samples. 

(7) The d i a s t o l i c  pressure readings w e r e  g e n e r a l l y  more d i f -  

f i c u l t  t o  a s c e r t a i n  than t h e  s y s t o l i c  readings and produced a 

l a r g e r  s c a t t e r  of t h e  d i a s t o l i c  d a t a .  

The d e t a i l e d  mechanisms involved i n  t h e  production of t h e  

Korotkoff sounds during p a r t i a l  occ lus ion  a re  now under i n v e s t i -  

ga t ion  under t h e  p r e s e n t  con t r ac t .  It  i s  hoped t h a t  t h e o r e t i c a l  

and experimental  information w i l l  be obtained regarding t h e  motions 

of the  v e s s e l  wa l l  and t h e  f l u i d  and t h e  ampl i f i ca t ion  of t h e  

oncoming p res su re  wave ahead of t h e  occ lus ion ,  which w i l l  permit  

more accura te  p r e d i c t i o n  of the a u s c u l t a t o r y  s y s t o l i c  and d i a s t o l i c  

blood p res su res  i n  v e s s e l s  of known e l a s t i c  behavior .  S tudies  a r e  

a l s o  under way t o  determine the  e l a s t i c  behavior of t he  human 

b r a c h i a l  a r t e r y ,  on which vesse l  auscu l t a to ry  blood pressure  measure- 

m e n t s  a r e  normally made. 

The following conclusions can be drawn from t h e  s tudy  of a v a i l -  
ab l e  d a t a  on t h e  non-Newtonian viscous behavior of whole blood i n  
g l a s s  c a p i l l a r y  tubes and ro ta ry  viscometers : 

(1) Whole blood behaves as  a combination of a pseudoplas t ic  

and a Bingham f l u i d .  Thus, i t  has a nonl inear  pressure-f low d ia -  

gram and r e q u i r e s  an i n i t i a l  pressure t o  s t a r t  t h e  flow. 

(2) The dev ia t ion  from a l i n e a r  viscous behavior depends 

The i n i t i a l  y i e l d  s t r e s s  i s  extremely small  and depends 

p r imar i ly  on the  concent ra t ion  of hematocytes o r  blood ce l l s .  

( 3 )  
t h e  concent ra t ion  of fibrinogen p resen t .  
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( 4 )  Human and canine b l o o d  a re  nea r ly  i d e n t i c a l  i n  viscous 

behavior ,  bu t  bovine blood i s  more nea r ly  Newtonian and gene ra l ly  

has a h igher  v i s c o s i t y .  

( 5 )  The E i n s t e i n  equation f o r  suspended spheres  p r e d i c t s  
t h e  v i s c o s i t y  of blood q u i t e  w e l l  f o r  very l o w  hematocri ts  (below 

10 p e r c e n t )  a t  high shear  r a t e s ,  b u t  does not  p r e d i c t  t h e  non- 

Newtonian behavior .  
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Run 

2803 
2804 
2805 
2806 
2807 
2808 
2809 
281 0 
281 1 
2812 
281 3 
2814 
2902 
2903 
2904 
2905 
2906 
2907 
2908 
2909 
291 0 
291 1 
291 2 
291 3 
291 4 
2915 
3002 
3003 
3004 
3005 
3006 
3007 
3008 
3009 
3010 
301 1 
3012 
301 3 
3014 
3102 
3103 
3104 
3105 
3106 

-58- 
TABLE I1 

SUMMARY OF EXPERIMENTAL DATA 

SIMULATED ARTERY - GUM RUBBER 1/16 I N C H  WALL 
F L U I D  - WATER - GLYCEROL MIXTURE9 V = 12 Vw 

PS PA Pmax Pmin Po Lu 

~ ~~ 

I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
II 
I. 
I 
I 
I 
I 
I 
I 

pd 

3.41 157.8 107.0 132.44 
3.89 149.6 11502 132.44 
4.63 146.6 118.2 132.44 
5.12 144.4 120.4 132.44 
5.72 144.9 119.9 132.44 
6.28 144.9 119.9 132.44 
6.95 143.6 121.2 132.44 
8.11 141.9 122.9 132.44 
8.85 141.0 123.8 132.44 
9.98 141.9 12209 132.44 
11.13 144.0 120.8 132.44 
12.98 144.4 12004 132.44 
2.49 157.8 107.0 132.44 
3.19 163.4 101.4 132.44 
3.89 152.2 112.6 132.44 
4.69 147.0 117.8 132.44 
5.12 145.3 119.5 132.44 
5.63 144.4 120.4 132.44 
6.38 144.4 120.4 132.44 
7.08 143.1 121 06. .132.44 
7.79 141.9 122.9 132.44 
9.05 141.0 123.8 132.44 
9.98 141.9 122.9 132.44 
10.82 144.4 120.4 132.44 
12.98 144.9 119.9 132.44 
14.42 139.7 125.1 132.44 
3.27 155.6 109.2 132.44 
3.72 152.6 112.2 132.44 
4.63 145.3 119.5 132.44 
5.19 144.4 12004 132.44 
5.72 144.9 119.9 132.44 
6.28 146.2 118.6 132.44 
7.09 144.9 119.9 132.44 
7.82 142.7 122.1 132.44 
9.05 141.9 122.9 132.44 
9.73 141.9 122.9 132.44 
11.13 144.0 120.8 132.44 
12.98 144.9 119.9 132.44 
14.42 139.7 125.1 132.44 
2.40 168.2 134.5 151.36 
3.19 172.6 130.0 151.36 
3.89 165.6 137.0 151.36 
4.64 163.4 139.3 151.36 
5.13 162.3 140.3 151.36 

25.37 
17.20 
14.19 
12.04 
12.47 
12.47 
11.18 
9.46 
8.60 
9.46 

1 1  061 
12.04 
25 37 
30 96 
19.78 
14.62 
12.90 
12.04 
12.04 
10.75 
9.46 
8.60 
9. 46 
12.04 
12.47 
7.31 
23 22 
20.21 
12.90 
12.04 
12.47 
13.76 
12 047 
10.32 
9.46 
9.46 

1 1  061 
12.47 
7.31 
16.85 
21 032 
14 027 
12.04 
1 1  000 

189.00 161 000 
181.00 178.00 
178.00 145.00 
178.00 140.00 
179.00 132.00 
172.00 116.00 
160.00 152.00 
159.00 154.00 
159.00 153.00 
158.00 153.00 
158.00 153.00 
159.00 156.00 
189.00 168.00 
197.00 185.50 
187.00 176.00 
182.50 139.00 
181.50 143.50 
172.00 133.00 
165.00 143.00 
159.50 149.00 
158.00 150.50 
158.00 151.50 
158.50 152.50 
157.50 151 050 
157.50 152.50 
157.50 153.00 
176.50 144.00 
180.00 175.00 
173.50 145.00 
176.00 139.50 
174.50 129.50 
173.00 130.00 
163.00 146.00 
158.00 148.00 
159.50 151.50 
158.50 152.50 
158.00 151 050 
158.50 154.00 
158.00 153.50 
196.00 187.00 
200 050 192 050 
199.00 191 000 
193.50 165.50 
194.50 140.00 

ps 

Pmax 

1.19 
1 020 
1.21 
1.23 
1.23 
1.18 
1.11 
1.12 
1.12 
1.11 
1.09 
1.10 
1.19 
1.20 
1.22 
1.24 
1.24 
1.19 
1.14 
1.11 
1.11 
1.12 
1.11 
1.09 
1.08 
1.12 
1.13 
1.17 
1.19 
1.21 
1.20 
1.18 
1.12 
1.10 
1.12 
1.11 
1.09 
1.09 
1.13 
1.16 
1.16 
1.20 
1.18 
1.19 

pd 

Pmin  

1.50 
1.54 
1.22 
1.16 
1.10 
96 

1.25 
1.25 
1.23 
1.24 
1 026 
1.29 
1.57 
1.82 
1.56 
1.17 
1.20 
1.10 
1.18 
1.22 
1.22 
1.22 
1.24 
1.25 
1 027 
1.22 
! 031 
1.55 
1.21 
1.15 
1.08 
1.09 
1.21 
1.21 
1.23 
1.24 
1.25 
1.28 
1.22 
1.39 
1 048 
1.39 
1.18 . 99 

- A. 
Ac 

1.66 
1.23 
1.01 
0.88 
0.80 
0.86 
0.98 
1.01 
1.00 
1.00 
1.00 
1.01 
1.34 
1 094 
1.25 
0.99 
0.89 
0.81 
0 088 
0.99 
1.01 
1.01 
1.00 
0.99 
1.00 
1.00 
1 065 
1.40 
1.06 
0.92 
9.78 
0.80 
3.97 
1 001 
1.00 
1.00 
1 000 
1.00 
1.01 
1 032 
1 066 
1.18 
1.00 
0.84 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Run 

3107 
3108 
3109 
31 10 
3111 
31 12 
31 13 
31 14 
31 15 
3203 
3204 
3205 
3206 
3207 
3208 
3209 
321 0 
321 1 
3212 
321 3 
3214 
321 5 
3302 
3303 
3304 
3305 
3306 
3307 
3308 
3309 
331 0 
331 1 
3312 
3313 
331 4 
331 5 
331 6 
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SIMULATED ARTERY - GUM RUBBER 1/16 INCH W A L L  
F L U I D  - WATER - GLYCEROL M I X T U R E I  v = 12 vw 

Pmax Pmin LD 

5.75 164.4 
6.55 165.1 
7.18 163.2 
8.06 161.5 
8.56 160.6 
9.72 161.9 
10.88 164.6 
12.56 162.1 
14.50 157.8 
3.27 163.8 
3.89 160.1 
4.63 159.1 
5.90 158.6 
5.74 161.9 
6.28 166.2 
7.22 164.2 
7089 161.6 
8.85 160.1 
9.80 160.8 
7.05 162.9 
12.60 159.5 
14.42 154.8 
2.49 123.8 
3.17 126.7 
3.79 124.7 
4.77 119.5 
5.11 120.8 
5.72 123.2 
6.38 122.3 
7.16 122.1 
7.85 119.5 
8.98 117.8 
9.98 117.4 
11.00 119.1 
12.64 122.3 
14.30 116.2 
5.06  120.4 

138.2 
13706 
139.4 
141.1 
142.0 
140.7 
138.0 
140.6 
144.8 
135.4 
139.1 
140.1 
140.6 
137.3 
133.0 
135r0 
137.6 
139.1 
138.4 
136.3 
139.7 
144.4 
92.8 
89.9 
92.0 
97. 1 
95.8 
93.4 
94.3 
94.6 
97.1 
98.9 
99.2 
97.6 
94.3 
100.4 
96.3 

PO 

151 036 
151 036 
151 036 
151 036 
151 036 
151 036 
151 036 
151 036 
151 036 
149.64 
149.64 
149.64 
149.64 
149.64 
149.64 
149.64 
149.64 
149.64 
149.64 
149.64 
149.64 
149.64 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 

PA 

13.07 
13.76 
1 1  086 
10.23 
9.28 
10.57 
13.33 
10.75 
6.53 
14.19 
10.49 
9.46 
9.03 
12.29 
16.59 
14.62 
12.04 
10.49 
11.18 
13.33 
9.89 
5. 16 
15.48 
18.40 
16.34 
11.18 
12.47 
14.87 
14.01 
13.76 
11.18 
9.46 
9.11 
10.75 
14.01 
7.91 
12.04 

PS 

193.50 
l88*00 
180.00 
178 050 
177.00 
177.50 
176.50 
178 000 
174.00 
188.00 
187.00 
187 000 
191 000 
199.50 
193.00 
185.00 
182.50 
181 050 
179 000 
179.00 
178.50 
176.50 
152.00 
153.00 
155.00 
143.50 
147.50 
162.00 
159.00 
144.00 
140.50 
139.00 
138 000 
137.00 
137.00 
137.00 
148.50 

pd 

116.00 
122.00 
170.50 
170.00 
173.00 
173.00 
172.00 
174.00 
173.00 
184.00 
177 050 

163.50 
128.00 
120.00 
135.00 
172.00 
173.50 
173.00 
174.00 
174 050 
174.50 
138.00 
145.50 
146.00 
127.00 
122.50 
109.00 
178 050 
87000 
129.50 
132.00 
131 000 
130.00 
132 050 
133.50 
121 000 

i6e.00 

PS 
Pmax 

1.17 
1.13 
1.10 
1.10 
1.10 
1.09 
1.07 
1.09 
1.10 
1.14 
1.16 
1.17 
1 020 
1.23 
1.16 
1.12 
1.12 
1.13 
1.11 
1.09 
1.11 
1.14 
1.22 
1.20 
1.24 
1.20 
1.22 
1.31 
1.30 
1.17 
1.17 
1.17 
1.17 
1.15 
1.12 
1.17 
1 023 

pd 

Pmin 

085 
88 

1.22 
1.20 
1.21 
1.22 
1.24 
1.23 
1.19 
1.35 
1.27 
1.19 
1.16 . 93 
90 

1.00 
1.25 
1.24 
1.25 
1.27 
1.24 
1.20 
1.48 
1.61 
1.58 
1.30 
1 027 
1.16 
1.89 
091 
1.33 
1.33 
1 032 
1.33 
1.40 
1.32 
1.25 

A 
4 

Ac 

0.79 
0.92 
0.99 
1.01 
0.99 
1.00 
0.99 
1 000 
1.02 
1 033 
1.18 
1.11 
0.91 
C.71 
0.90 
0.98 
1.00 
1 e00 
1.00 
1.00 
1.02 
1.04 
1.09 
1.51 
1.37 
1.12 
1.10 
0.82 
0.74 
0.91 
1.01 
1.01 
1.02 
0.60 
1.75 
1.01 
1.10 



Run 

3402 
3403 
3404 
3405 
3406 
3407 
3408 
3409 
341 0 
341 1 
3412 
3413 
3414 
3502 
3503 
3504 
3505 
3506 
3507 
3508 
3509 
351 0 
351 1 
3602 
3603 
3604 
3605 
3606 
3607 
3702 
3703 
3704 
3705 
3706 
3707 
3708 
3709 
371 0 
371 1 
371 2 
371 3 
371 4 
371 5 
371 7 
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SIMULATED ARTERY - GUM RUBBER 1/16 INCH WALL 
FLUID - WATER - GLYCEROL M I X T U R E *  v = 6 v 

W 

PS pd 
Pmax Pmin 
- -  

PS pd PA cD Pmax Pmin Po 

2.48 125.5 
3.23 130.2 
3.86 133.2 
4.58 120.4 
5.12 120.5 
5.76 119.7 
6.40 124.8 
7.13 123.1 
7.91 119.5 
9.01 118.0 

10.25 117.3 
11.19 118.6 
12.73 124.7 
2.68 139.3 
3.21 146.6 
3.88 136.9 
4.67 122.4 
5.09 120.5 
5.68 117.8 
6.49 118.0 
7.16 117.2 
8.00 115.8 
8.85 113.9 
2.57 170.5 
3.26 172.0 
3.78 173.9 
5.10 163.8 
5.69 164.2 

11.13 168.5 
2.78 115.2 
3.26 119.4 
3.90 122.1 
4.63 109.4 
5.26 108.4 
5.79 109.9 
6.38 112.3 
7.24 110.7 
8.08 109.6 
8.77 106.7 

10.09 105.6 
11.13 106.2 
12.81 110.5 
14.53 109.2 
5.74 113.7 

91.1 
86.5 
83.5 
96.3 
96.1 
96.9 
91 08 
93.5 
97.1 
98.6 
99.3 
98.0 
92.0 
70.5 
63.2 
72.9 
87.3 
89.2 
92.0 
91 07 
92.6 
93.9 
95.8 

135.6 
134.1 
1320 1 
142.3 
141 e 9  
137.6 
77.4 
73. 1 
70.5 
83. 1 
84.1 
82.7 
80.3 
81 08 
82.9 
85.9 
87.0 
86.4 
82.1 
83.4 
78.8 

108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
108.36 
104.92 
104.92 
104.92 
104.92 
104.92 
104.92 
104.92 
104.92 
104.92 
104.92 
153.08 
153.08 
153.08 
153.08 
153.08 
153.08 
96.32 
96.32 
96.32 
96.32 
96.32 
96 32 
96.32 
96 32 
96 32 
96 32 
96.32 
96.32 
96.32 
96.32 
96 32 

17.20 
21 084 
24.85 
12.04 
12.21 
1 1  043 
16.51 
14.79 
11.18 
9.71 
9.03 

10.32 
16.34 
34.40 
41 0 7 1  
31 099 
17.54 
15.65 
12.90 
13. 15 
12.29 
10.92 
9.03 

17.45 
18.92 
20.89 
10.75 
11.18 
15.48 
18.92 
23.13 
25.80 
13.15 
12.12 
13.58 
15.99 
14.44 
13.33 
10.40 
9.28 
9.89 

14. 19 
12.90 
17.45 

162.00 129.50 1.29 1.42 
158.50 148.00 1.21 1.71 
165.50 119.00 1.24 1.42 
157.00 128.00 1.30 1.32 
157.50 121.00 1.30 1.25 
163.50 100.00 1.36 1.03 
167.50 80.00 1.34 87 
155.50 77.50 1.26 82 
146.00 107.00 1.22 1.10 
143.50 122aOO 1.21 1.23 
140.00 111.50 1.19 1.12 
139.50 133.50 1.17 1.36 
141.00 130.50 1.13 1.41 
174.00 111.00 1.24 1.57 
185.00 104.00 1.26 1.64 
185.50 104.50 1.35 1.43 
167.00 114.00 1.36 1.30 
166.00 100.50 1.37 1.12 
159.50 97.00 1.35 1.05 
154.00 79.50 1.30 86 
141.50 86.00 1.20 92 
136.00 121.00 1.17 1.28 
133.00 126.00 1.16 1.31 
203.50 189.00 1.19 1.39 
200.50 193.50 1.16 1 m44 
206.00 200.50 1.18 1 a51 
204.00 160.00 1024 1.12 
188.00 161.00 1.14 1.13 
186.00 176.00 1.10 1.27 
144.00 122.00 1.25 1.57 
144.00 98.00 1.20 1.34 
144.00 98.00 1.17 1.39 
140.00 110.00 1.27 1.32 
139.00 88.00 1.28 1.04 
142.00 72.00 1.29 87 
150.00 64.00 1.33 . 79 
142.00 58.00 1.28 70 
130.00 79.00 1.18 95 
125.00 92.00 1.17 1.07 
122.00 90.00 1.15 1.03 
120.00 74.00 1.12 85 
122.00 114.00 1.10 1.38 
126.00 118.00 1.15 1.41 
170.00 70.00 1.49 88 

AO - 
Ac 

0.99 
1 054 
1.45 
1.08 
1.05 
0.78 
0.68 
0.90 
1 e03 
1.01 
0.99 
0.99 
1 . O 1  
1 e42 
2.37 
1 e57 
1.00 
0.93 
0.78 
0080 
0.94 
1.02 
1.00 
1 e74 
1.44 
1 036 
0.92 
1 . O 1  
0.99 
1.41 
1 e 4 4  
1 m85 
1.08 
1.10 
0.82 
0.66 
0.78 
1 .OO 
1.01 
1 .oo 
0.99 
1 .OO 
1 . O 1  
0.75 



1 
I 
I 
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1 
I 
1 

Run 

3802 
3803 
3804 
3805 
3806 
3807 
3808 
3809 
381 0 
381 1 
3812 
3813 
3814 
3815 
3904 
3905 
3906 
3908 
3909 
391 0 
391 1 
3912 
3913 
391 4 
391 5 
391 6 
3917 
3918 
3919 
392 0 
4002 
4003 
4004 
4005 
4006 
4007 
4008 
4 009 
4010 
401 1 
4012 
4013 
4014 
4015 

Lu 

2.48 
3.24 
3.91 
4.71 
5.20 
5.77 
6.40 
7.24 
7.95 
8.89 
9.98 
11.19 
12.98 
14.98 
3.99 
4.72 
5. 15 
3. 17 
3.91 
4.75 
5.09 
5.76 
6.42 
7. 16 
8.01 
8.89 
10.04 
1 1  025 
12.56 
14.75 
2.55 
3.21 
3.85 
4.79 
5.22 
5.86 
6.47 
7. 13 
7.91 
9. 14 
10.14 
11.13 
12.73 
14.53 

SIMULATED ARTERY - GUM RUBBER 1/16 
FLUID - WATER* 

141 02 
142.6 
144.9 
141 00 
138.3 
136.0 
136.9 
135.8 
142.1 
137.8 
136.8 
137.8 
142.0 
141 0 9  
141 07 
128.0 
120.1 
116.1 
121 04 
117.4 
111.9 
110.0 
109.2 
112.4 
111.1 
111.4 
108.7 
104.4 
109.8 
121 .O 
153.8 
152.5 
153.7 
149.6 
147.4 
146.0 
149.9 
154.1 
156.3 
150.7 
149.1 
150.8 
156.7 
149.0 

Pmin P O  

115.6 128.48 
114.6 128.65 
107.1 126.07 
115.9 128.48 
119.9 129.17 
118.8 127.45 
113.4 125.21 
108.0 121.94 
113.7 127.96 
119.7 128.82 
121.8 129.34 
121.5 129.68 
116.9 129.51 
114.6 128.31 
48.8 95.28 
72.8 100.44 
80.4 100.27 
86.7 101.48 
79.8 100.62 
85.1 101.30 
90.9 101.48 
89.7 99.93 
88.9 99.07 
89.5 100.96 
83.5 97.35 
92.5 101.99 
94.1 101.48 
90.2 97.35 
91.7 100.79 
80.8 100.96 
136.4 145.16 
134.6 143.62 
124.8 139.32 
133.4 141.55 
13500 141.21 
133.6 139.83 
131.4 140.69 
117.9 136.05 
124.7 140.52 
130.9 140.86 
132.6 140.86 
133.3 142.07 
12509 141.38 
131.9 140.86 

p.5 PA 

12.81 174.50 
14.01 169.50 
18.92 171.00 
12.55 173.50 
9.20 163.50 
8.60 171 000 
11.78 176.00 
13.93 178.00 
14.19 163.00 
9.03 161.50 
7.48 161.00 
8.17 161.50 
12.55 160.50 
13.67 161.50 
46.44 180.00 
27.60 182.50 
19.86 172.00 
14070 142050 
20.81 142.50 
16.16 150.50 
10.49 141.00 
10.14 140.50 
10.14 141.00 
11.43 155.00 
13.76 140.00 
9.46 131.50 
7.31 133.50 
7.13 138.00 
9.03 134.00 
20.12 133.00 
8.68 175.50 
8.94 175.50 
14.44 177.50 
8.08 177.50 
6.19 174.00 
6.19 178.00 
9.28 194.00 
18.06 194.50 
15.82 181.00 
9.89 174.50 
8.25 177.50 
8.77 173.50 
15.39 173.00 
8.94 174.00 

pd 

148.50 
160.00 
130.50 
137.00 
132.50 
120.50 
109.50 
72 00 
110.00 
139.50 
131 000 
118.50 
143.50 
140.50 
58 00 
143.00 
100.00 
118.00 
98.00 

1 1  1.50 
112.00 
111.00 
98 00 
64 050 
55.00 

1 1  0150 
107.00 
96.50 
117.50 
117.00 
171 050 
171 000 
154.50 
151 050 
148.00 
141 050 
121 050 
85.50 
120.50 
152.00 
143.50 
132.00 
158.00 
163.00 

1 NCH W A L L  

ps 
Pmax 

1.23 
1.18 
1.18 
1.23 
1.18 
1 025 
1.28 
1.31 
1.14 
1.17 
1.17 
1.17 
1.13 
1.13 
1.27 
1.42 
1.43 
1.22 
1.17 
1 028 
1.26 
1.27 
1 029 
1.37 
1.26 
1.18 
1.22 
1.32 
1.22 
1.09 
1.14 
1.15 
1.15 
1.18 
1. 18 
1.21 
1.29 
1.26 
1.15 
1.15 
1.19 
1.15 
1.10 
1.16 

pd 
Pmin 

1.28 
1.39 
1.21 
1 .le 
1.10 
1.01 
96 

a 66 
96 

1.16 
1 007 . 97 
1.22 
1.22 
1.18 
1.96 
1.24 
1.36 
1.22 
1.31 
1.23 
1.23 
1.10 
72 
65 

1.19 
1.13 
1.06 
1.28 
1.44 
1.25 
1.27 
1.23 
1.13 
1.09 
1.05 
92 
72 
96 

1.16 
1.08 . 99 
1 025 
1.23 

- AO 

Ac 

0.49 
2.35 
2.18 
1.18 
1.18 
0.94 
0.80 
0.61 
1.09 
1.04 
1.01 
1.00 
0.98 
1 002 
2.79 
1.17 
1.03 
1.81 
2.00 
1.28 
1.13 
1.15 
0m93 
0.60 
0.85 
1.97 
1.01 
1.32 
0.98 
1.01 
0.86 
1.86 
1.63 
1.12 
1.20 
0.97 
0.60 
0.75 
1.08 
1 004 
1.01 
1.00 
0.98 
1.00 



1 
1 
I 

I 1  
u 
1 
I 
8 

Run 

4402 
4403 
4404 
441 0 
441 1 
4412 
441 4 
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SIMULATED ARTERY 
F L U I D  - WATER6 

Pmax Pmin PO 

2066 16303 5601 139.73 
3024 18305 1202 97086 
3.89 15706 3600 96083 
8093 13002 77.2 103.71 

10.09 11201 9309 103002 
11019 109.8 9405 102.16 
14.53 112.4 9807 105060 

- GUM RUBBER 1/8 INCH W A L L  

PS pd 
Pmax Pmin 
- -  

PS pd PA 

53.57 234050 139.00 1043 2 0 4 7  
8 5 0 6 5  247.50 166000 1034 13060 
60.80 221000 143.50 1.40 3098 
26048 191.00 173.50 1046 2024 

9.11 207.00 172.50 1.84 1083 
7 .65  202.00 173.00 1083 1.83 
6088 192.50 171.50 1 0 7 1  1.73 

1.00 
0083 
0.42 
0.95 
0097 
0096 
1003 



Run 

45C2 
4503 
4504 
4505 
4506 
4507 
4508 
4509 
451 0 
451 1 
4512 
4513 
4514 
451 5 
4602 
4603 
4604 
4605 
4606 
4607 
4608 
4609 
461 0 
461 1 
4612 
461 3 
4614 
461 5 

-63- 

SIMULATED ARTERY - L A T E X  1/16 INCH W A L L  
F L U I D  - WATER - GLYCEROL M I X T U R E *  v = 6 vw 

PA 
Lu Pmax Pmin Po 

2.71 i43.7 123.1 
3.26 144.4 118.9 
3.77 148.0 116.0 
4.75 142.1 124.0 
5.13 143.6 124.3 
5.79 147.8 117.9 
6.40 149.3 112.9 
7.17 143.9 120.4 
7.87 140.2 122.7 
8.98 139.1 127.7 
9.77 138.8 128.0 
11.31 139.1 127.0 
12.52 141.5 124.3 
13.34 145.7 120.4 
2.57 149.7 101.1 
3.24 157.5 88.8 
3.82 162.3 91.4 
4.69 153.5 109.9 
5.19 155.0 106.2 
5.76 156.9 99.6 
6.42 153.3 105.1 
7.17 146.8 112.3 
7.94 141.7 119.1 
8.94 140.5 124.3 
9.97 140.5 124.6 
11.26 141.6 122.8 
12.64 144.3 114.8 
14.32 145.7 112.6 

133.45 
131 068 
132.04 
133.10 
133.98 
132.92 
131.15 
132.21 
131 051 
133.45 
133.45 
133.10 
132.92 
133.10 
125.49 
123.17 
126.91 
131 0 7 2  
130.65 
128.33 
129.22 
129.58 
130.47 
132.43 
132.61 
132 025 
129.58 
129.22 

10.26 
12.74 
16.01 
9.02 
9. 64 
14.95 
18.23 
11.77 
8. 76 
5.66 
5.39 
6.01 
8.58 
12.65 
24 29 
34.35 
35.42 
21 080 
24 38 
28.65 
24.1 1 
17.26 
11.30 
8.09 
7.92 
9.43 
14.77 
16.55 

pd 

159.00 148.00 
153.50 142.00 
155.50 144.50 
152.00 144.50 
151.00 142.00 
157.50 138.50 
161.50 118.50 
157.00 114.50 
151.50 142.50 
151.00 145.50 
150a00 143.50 
149.00 145.50 
148.00 146.00 
148.50 147.00 
172.50 133.00 
171.50 127.50 
175.50 126.00 
163.00 137.50 
167.00 111.50 
175.00 99.00 
174.00 99.50 
160.00 91.00 
154.00 102.00 
153.00 117.50 
152.00 121 *00 
150.50 101.50 
150.50 135.50 
151 050 129.50 

pd 

Pmax 

1 e07 
1 e06 
1.05 
1.06 
1.05 
1.06 
1.08 
1.09 
1.08 
1.08 
1.08 
1.07 
1 0 0 4  
1.01 
1.15 
1.08 
1.08 
1.06 
1 007 
1.11 
1.13 
1.08 
1.08 
1.08 
1.08 
1.06 
1.04 
1 e03 

pd 

Pmin 

1.20 
1 019 
1.24 
1.16 
1.14 
1.17 
1.04 . 95 
1.16 
1.13 
1.12 
1.14 
1.17 
1 a22 
1.31 
1.43 
1.37 
1.25 
1.04 . 99 . 94 
081 
85 . 94 . 97 . 82 

1.18 
1.15 

- A. 

Ac 

1.39 
1.58 
1.13 
1.08 
1.07 
1.05 
0.83 
0.74 
0.96 
1.02 
1.01 
1.00 
1.00 
1.00 
1.26 
1 a56 
1.38 
1.05 
0.99 
0 089 
0.80 
0.84 
1.00 
0.99 
1.01 
1 a00 
1 a00 
1.00 



Run 

4102 
4104 
4105 
4106 
4107 
4108 
4109 
4110 
411 1 
41 12 
41 13 
41 14 
4115 
4202 
4203 
4204 
4205 
4206 
4207 
4208 
4209 
421 0 
421 1 
4212 
421 3 
4302 
4305 
4306 
4307 
4308 
431 1 
4312 
431 3 
431 4 
431 5 

PS PA Pmax Pmin Po 

2.61 132.9 
4.03 114.8 
4.64 122.2 
5.16 121.8 
5.81 124.7 
6.44 123.8 
7.24 115.7 
7.91 110.3 
9.50 112.8 
9.93 113.0 
11.39 112.9 
12.73 113.7 
14.75 130.2 
2.60 147.0 
3.22 146.9 
3.91 147.4 
4.77 149.5 
5.18 139.4 
5.71 137.7 
6.49 138.6 
7.35 141.7 
9.88 133.9 
10.14 135.1 
11.06 134.7 
14.86 157.8 
2.68 126.8 
4.65 135.4 
5.11 129.6 
5.84 124.7 
6.47 120.7 
9.01 116.1 
10.14 114.3 
11.39 114.9 
12.81 117.3 
14.64 128.9 

72.7 
90.4 
83.0 
85.9 
79.2 
77.7 
88.5 
91 09 
98.0 
99.5 
99.6 
98.4 
83.7 
112.6 
112.7 
102.2 
103.6 
114.4 
110.9 
105.9 
105.6 
108.6 
121 04 
121 *5 
97.6 
76.4 
67.5 
78.4 
82.0 
81 05 
93.3 
95.4 
96.2 
95.5 
82.3 

102.85 
102.68 
102.68 
103.88 
101 099 
100 079 
102.16 
101.13 
105.43 
106.29 
106.29 
106.12 
106.98 
129.86 
129.86 
124.87 
126.59 
126.93 
124.35 
122.29 
123.66 
121 e26 
128.31 
128.14 
127.79 
101 065 
101 a48 
104.06 

101.13 
104.74 
104.92 
105.60 
106.46 
105.60 

io3.8e 

30.10 138.50 
12.21 134.00 
19.60 146.50 
17.97 141.50 
22.79 153.50 
23.04 173.50 
13.58 150.50 
9.20 137.00 
7.39 132.00 
6.79 130.50 
6.62 132.00 
7.65 131.00 
23.22 130.50 
17.20 164.50 
17.11 166.50 
22.61 167.50 
22.96 166.00 
12.47 162.00 
13.41 170.50 
16.34 176.50 
18.06 184.00 
12.64 165.50 
6.88 158.50 
6.62 160.00 
30.10 157.50 
25.19 187.50 
33.97 172.00 
25.62 176.50 
20.89 182.50 
19.60 175.50 
11.35 134.50 
9.46 137.50 
9.37 134.50 
10.92 137.50 
23.30 133.00 

pd 

102 050 
1 17.50 
1 1  0.00 
109.00 
89.00 
87 00 
77 00 
53 050 
104.50 
109.00 
96.00 
79.00 
111.00 
144 050 
143.50 
100 000 
140.50 
140.00 
120.50 
119.00 
83 *50 
63 050 
136.50 
121 050 
142.50 
112.00 
108.00 
105.00 
94 e50 
85.00 
84.00 
82 050 
91.50 
72.00 
109 050 

PS 
Pmax 

1.04 
1.16 
1.19 
1.16 
1.23 
1.40 
1.30 
1.24 
1.17 
1.15 
1.16 
1.15 
1 .OO 
1.11 
1.13 
1.13 
1.11 
1. 16 
1.23 
1.27 
1 e29 
1.23 
1.17 
1.18 . 99 
1.47 
1 e27 
1.36 
1.46 
1.45 
1.15 
1.20 
1.17 
1.17 
1 a 0 3  

pd 
Pmin 

1.40 
1.29 
1.32 
1.26 
1 a12 
1.11 . 87 
58 

1-06 
1.09 
96 . 80 

1 *32 
1.28 
1 a27 . 97 
1.35 
1.22 
1 .08 
1.12 . 79 . 58 
1.12 
1.00 
1 046 
1.46 
1 a60 
1 a 3 3  
1.13 
1.04 
90 
86 . 95 . 75 

1.33 

- AO 

Ac 

0.60 
1.61 
1 051 
1.32 
1.34 
0.80 
0.70 
0.75 
1.07 
1.02 
1.01 
1.00 
0.99 
0.35 
1 a90 
1.36 
1.22 
1.22 
1.16 
0.84 
0.62 
0.87 
1.02 
1.01 
1 *04 
0.25 
1.45 
1.15 
0.99 
0.81 
1.10 
1 .@2 
1 .O1 
0.99 
1 .OO 



Run 

223 1 
2232 
2233 
2234 
2236 
2237 
2355 
2356 
2357 
2359 
2360 
240 1 
2402 
2403 
2483 
2484 
2485 
2486 
2487 
2488 
249 1 
2492 
2494 
2495 
2496 
2497 
2498 
2504 
2505 
2509 
251 0 
251 1 
2512 
251 3 
251 4 

-65- 

SIMULATED ARTERY - GUM RUBBER 
FLUID - STEER BLOOD 

5.23 
5.32 
4. 18 
4.07 
3.97 
3.92 
2.4 1 
2.47 
2.57 
5.32 
3.45 
6.04 
5.92 
3.34 
3.14 
3.49 
2.49 
6.28 
6.68 
4. 16 
6.28 
6.4 1 

1 1  042 
8.72 
7.75 
7.85 
7.39 
4.75 
3.65 
13.96 
8.26 
7.85 
9.51 
8.97 
3.07 

97.0 40.5 68.80 
93.4 50.5 72.00 
93.8 49.0 71.47 
92.5 52.0 72.27 
104.8 60.5 82.67 
93.3 56.0 74.67 
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158.8 126.6 142.75 
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119.0 71.2 95.12 
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125.7 61.6 93.72 

28.27 140.00 
21.46 142.00 
22.40 138.50 
20.26 134.00 
22.13 139.30 
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23.88 167.50 
20.29 140.5G 
23.28 141 000 
16.01 142.00 
17.51 143.30 
17.11 143.30 
18.70 143.50 
32.03 162.00 
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pd 

58.50 
55 00 
39.50 
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44 -30 
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130.50 
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61 030 
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87.00 
147.00 
98 050 
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2515 3.34 121.7 69.2 95.52 26.26 165.30 88.70 
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ps 
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2.31 
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1.26 
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SIMULATED ARTERY - GUM RUBBER 1/16 
F L U I D  - STEER BLOOD 

Pmax Pmin PA PS pd 

12.56 157.2 107.0 132.13 25.07 178.00 130.00 
12.56 159.3 107.2 133.33 26.06 178.00 131.50 
8.72 151.0 112.4 131.73 19.30 183.00 83.00 
8 . 0 5  150.2 108.8 129.54 20.69 185.00 78.50 
7.66 146.4 100.2 123.38 23.08 184.50 63.50 
7.66 146.2 101.2 123.77 22.48 184.50 63.50 
6.28 136.9 98.3 117.60 19.30 186.00 60.00 
4.61 152.6 94.1 123.38 29.25 200.00 110.50 
4.48 159.5 83.1 121039 38.20 210.00 114.50 
4.61 157.0 89.7 123.38 33.63 210.00 113.50 

INCH W A L L  

PS pd 
Pmax Pmin 
- -  

1.13 1.21 
1.11 1.22 
1.21 073 
1.23 72 
1.26 63 
1.26 62 
1 m35 m6 1 
1.31 1.17 
1.31 1.37 
1.33 1.26 
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Figure 1.- S t a t i c  e l a s t i c  behavior of an excised 
human femoral a r t e r y  (from Ref. 6 ) .  



1.8 

1.6 

w 
‘i~ 1.4 

w 
h 
a .  

1.2 

1.0 

Frequency, cycle/sec 

Figure 2 .- Dynamic e l a s t i c  behavior of var ious 
excised human a r t e r i e s  (from Ref. 7). 
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Figure 13.- Exploded v i e w  of pressure  chamber. 



Figure 14. - Pressure transducer assembly. 
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Figure 16 .- Calibrat ion r i g  f o r  pressure  probes.  
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F i g u r e  17 . -  S t a t i c  e la s t i c  behavior of s i m u l a t e d  arteries. 
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18.- E f f e c t  of a r t e r y  occlusion on t h e  amplitude of 
the pressure  inpu t  by the pu l se  genera tor .  
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Figure 20.- Auscultatory versus direct pressure measurements for 
Newtonian fluids in 1/16-inch wall gum rubber tubing. 
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Figure 21 .- Auscultatory versus direct pressure xkasurements for 
water i n  1/8-inch w a l l  gum rubber tubing (po = 100 mm H20). 
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Figure 22.- Auscultatory versus direct pressure measurements for 
Newtonian fluids in 1/16-inch wall latex tubing. 
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(a) 1/16-inch gum rubber tubing. 
Figure 23.- Summary of auscultatory versus direct . 
pressure measurements for  Newtonian fluids in 
simulated arteries. 
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Figure 23.- Continued. 
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F i g u r e  24.-  1/16-inch w a l l  gum r u b b e r  t u b e  
showing  l o n g i t u d i n a l  r u p t u r e .  
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Figure 26.-  Upstream end of 1-inch p l a s t i c  tube showing 
blood i n l e t  and bal loon diaphragm. 
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27.- S t e r i l i z a t i o n  charrber. 
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Figure 2 8 . -  Auscultatory versus direct pressure measurements for 
steer blood i n  1/16-inch w a l l  gum rubber tubing. 
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F i g u r e  30.-  Mic ropho tograph  o f  s teer  blood r e d  ce l l s  
( t a k e n  a f t e r  u s e  i n  t e s t s ) .  M a g n i f i c a t i o n :  7 2 8  X 
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APPENDIX A 

USE O F  A CAPILLARY VISCOMETER AS A MEANS FOR 
DETERMINING V I S C O S I T Y  CHARACTERISTICS 

O F  A PSEUDOPLASTIC F L U I D  

Wilkenson ( R e f .  2 4 )  has s h o w n  t h a t ,  f o r  a n y  f l u i d  w h i c h  

s a t i s f i e s  the r e l a t i o n  

the steady-state f l o w  r a t e  Q i n  a cap i l l a ry  tube  of r a d i u s  R 

and l eng th  L i s  g iven  by 

= T 2 f ( z )  dz 
3 

w o  z 7ra3 

T h u s ,  the f l o w  r a t e  ( Q )  depends o n l y  upon the  w a l l  s tress ( T w ) ,  

w h i c h  i s  given by 

a A P  = -  
Tw 2L  

where AP i s  the pressure loss over the  l eng th  of the t u b e .  Now, 

s u b s t i t u t i n g  t he  pseudoplas t ic  e q u a t i o n  

i n t o  E q u a t i o n  ( A . 2 )  and i n t e g r a t i n g  y i e l d s  

o r  

( A . 4 )  

( A . 5 )  
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Therefore ,  a pseudoplast ic  f l u i d  exhibits a l i n e a r  r e l a t i o n -  

sh ip  between the logari thms of (Q/ra3) and (aAP/2L), and the 

p r o p o r t i o n a l i t y  cons t an t  y i e l d s  the pseudop las t i c  exponent n. 

One can  now c a l c u l a t e  the cons t an t  K from Equation ( A . 5 )  a f t e r  

determining the exponent n. Thus, the f low curve  described by 

Equat ion ( A . 4 )  i s  completely determined. 

I f  the pseudoplas t ic  exponent i s  exac t ly  e q u a l  t o  one ( the  

va lue  f o r  a Newtonian f l u i d ) ,  t hen  the cons t an t  K becomes the 

Newtonian c o e f f i c i e n t  of v i s c o s i t y  p. Thus , Equation (A.  5 )  

y i e l d s  the f ami l i a r  Po i sue l l e  equat ion 

AP/L) a4 
p = 7 r (  84 ( A . 6 )  


